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ABSTRACT AND KEYWORDS
Toxic metals are a class of elements with no biological role but with extreme
toxicity. On average only 50% of ingested toxins are absorbed into the human body, for
reasons still unknown. It was hypothesized that the gut microbiota plays a role in
reducing toxin absorbance. The aim of this study was to determine if constituents of the
gut, namely Lactobacillus species, are able to sequester arsenic, lead and cadmium from
the environment. Lactobacilli were incubated with the metals, both in vitro and with a
Caco-2 cell line. Analysis of metal concentrations was conducted to determine if these
were reduced by lactobacilli and if this in turn lowered mortality of the Caco-2 cells, and
to establish if lactobacilli could block transport of metals across a cell layer. In vitro
studies and electron microscopy showed that lactobacilli had significant binding potential
to the metals lead and cadmium. In addition, they conferred protection of Caco-2 cells
from toxicity with less metal binding to the epithelial cell surfaces. This supports my
hypothesis and raises the concept of using probiotic lactobacilli, perhaps in a food
formulation, to reduce heavy metal exposure and poisoning. A yogurt formulation was
created using two strains with metal-binding potential, and this could be tested in the
future.

Keywords: Arsenic, lead, cadmium, lactobacilli, gut microbiota, detoxication/
detoxification
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“All we have to decide is what to do with the time that is given to us.”
― J.R.R. Tolkien, The Fellowship of the Ring
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CHAPTER 1
INTRODUCTION
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1.1 Focus of Thesis
The purpose of this study was to investigate how members of the genus
Lactobacillus, found in the gut and used as probiotics, react with the metals lead (Pb),
cadmium (Cd) and arsenic (As), known to be environmental toxins to which humans are
exposed.
1.2. Heavy Metal Contamination
This section will examine and describe information on each of the metals studied,
their toxicity, epidemiology and current evidence for the use of microbes to aid in
bioremediation of contaminated sites and their application to detoxification of humans.
The term “heavy metal” is an inconsistent and ambiguous definition which holds no
scientific merit as it has never been officially defined by the International Union of Pure
and Applied Chemistry (IUPAC) as their own group of elements (39). While the term
“heavy metal” is used widely and defined loosely in scientific journals it will not be used
in this thesis. Many natural processes, such as erosion of sediments, volcanic eruptions
and earthquakes release metals into the environment (24, 152). Human exposure to lead
and mercury dates back to ancient times and the Romans used both for different purposes,
including sweetening wines and as medical treatments (73, 74). These practices exposed
large populations to toxic metals with no consideration of the negative impacts associated
with long term exposure. Metal exposure is still a problem today, due to increased
industrial activity in the past century (100) leading to a significant increase in the
amounts of toxic metals released into the atmosphere, water and soil (43).
A major concern for regulatory bodies and for the public is that each type of metal
can enter the body through numerous routes (inhalation, absorption, ingestion), thus it is
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not easy to state under what conditions each person might be exposed to dangerous
levels. The net result is that there is no single strategy for dealing with all toxic metals,
and regulatory agencies such as the Environmental Protection Agency (EPA) and Health
Canada struggle to find effective strategies to monitor metals, establish guidelines and
respond to threats (64, 157). In North America, regulatory guidelines are in place for
screening food, soil and water sources, and tests are conducted frequently to detect and
prevent excessive contamination. However, many of these programs and technologies are
not cost-effective options in developing nations, such as India, China and Bangladesh,
where toxic metal contamination is more prevalent (3, 93, 94). In the following sections,
the metals studied in this thesis will be discussed with emphasis on human exposure,
health outcomes and the role of the gut microbiota in metal-binding.
1.2.1. Arsenic
Arsenic is a metalloid element that is colourless and tasteless. It is widely
distributed throughout the Earth’s crust, and is found in groundwater supplies in both
developed and developing countries (1, 22). The World Health Organization (WHO)
states that the acceptable level of arsenic in drinking water should not exceed 0.01 mg/L
or ten parts per billion (ppb) (171). However, this limit is difficult to maintain and is
often exceeded, resulting in many communities consuming water with arsenic levels at or
above 0.1 mg/L (ppm), ten times the accepted level. Cases have also been reported of
extremely high levels in developing regions where water treatment technology is not
readily available (139).
Arsenic in groundwater is mainly found in two oxidation states, +5 (As(V)) and
+3 (As(III)). The main arsenic forms in groundwater are arsenic (V) (H3AsO4) and
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arsenous (III) acid (H3AsO3) (33). Coagulation-precipitation, adsorption, ion exchange
and membrane filtration are conventional water purification methods that oxidize As (III)
to As (V) but, because of the expense and the need for highly trained personnel, these
technologies are not feasible in most developing countries.
The main routes of environmental contamination are both natural and humanassociated. Arsenic can enter the water system due to water flow eroding arsenic-rich
deposits in the Earth’s crust. Anthropogenic processes also contribute significantly to
contamination such as runoff from agricultural waste, including arsenic-containing
pesticides, and toxic mine tailings. The main routes of arsenic entry into the body are
through consumption of food and water, and by inhalation. Absorption of arsenic through
the skin is minimal and thus hand-washing, bathing and laundry done with water
containing arsenic does not pose significant human health risks (112). Arsenic can
accumulate to dangerous levels in food; for example, when arsenic-contaminated water is
used for irrigation, this leads to accumulation in crops prior to consumption.
There are currently no arsenic concentrations in food which can be defined as
“nontoxic”. Estimates of human consumption of arsenic are difficult to determine as a
number of factors including diet and geographic location affect its consumption.
Bangladesh men have the highest arsenic intake of 214 µg/person/day, while in the
United States and Canada consumption is at 88 and 59.2 µg/person/day, respectively. The
US EPA has set a guideline value for arsenic intake of 220 µg/person/day or less (141).
Upon consumption, arsenic passes through the gastrointestinal tract of the host,
where it is absorbed in the small intestine then passes through the liver, which is the main
site of arsenic metabolism (4). The main mechanism of arsenic metabolism is methlyation

5
of inorganic arsenic to mono and dimethyl forms (53). Once methylated, arsenic can pass
more easily through tissue layers before excretion in urine (158). However, methylation
can also lead to increased toxicity. Methylated forms of arsenic have increased absorption
properties and are able to invade tissues due to easier translocation (82). This poses a risk
to the host as mono-methylated arsenic is more cytotoxic than are inorganic arsenic
species (158).
Arsenic was one of the first chemicals shown to have cancer-causing properties.
In 1879, the high rates of lung cancer in miners in Saxony, Germany were attributed to
inhaled arsenic (110). Following this, there was a report of skin cancers in patients treated
with medicine containing arsenic. Evidence that arsenic in drinking water could cause
skin cancer came much later, in the 1930s (27). Then, in the 1960s evidence emerged in
Argentina that arsenic in drinking water might cause internal cancers, particularly of the
lung and urinary tract (28). Bladder cancer mortality rates for those with more than 600
μg/L of arsenic in their water were more than 30 to 60 times the rates in the unexposed
population (8). In 1992, the combination of evidence was sufficient to conclude that
ingested inorganic arsenic was likely to cause several cancers (140).
Natural contamination of groundwater with arsenic is a global health problem but
especially in India (127) and Bangladesh (141). It has been estimated that in these two
countries alone 60–100 million people are at significant health risk due to consumption of
arsenic-contaminated drinking water. The exact mode of action of arsenic carcinogenicity
has not been established, but the inorganic form is known to induce deletion mutations
and alterations in both chromosomal and mitochondrial DNA (89, 174). Arsenic also has
a high affinity for sulphur groups, which are common components of many enzymes. The
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binding of arsenic to these enzymes can impair proper function leading to cellular
damage (111). This metalloid, has not been shown to have any type of cell or tissue bias;
animal and human population studies have shown arsenic causes a multitude of cancers.
Arsenocisis is the long term exposure and poisoning by arsenic, with common symptoms
including fatigue, headaches and keratosis, the formation of rough skin and large nodules
on the outer layer of the skin. These can develop into malignancies (8, 69, 150, 154).
Arsenic affects almost all body organ systems, neural, cardiovascular, hepatic and renal.
However, there is little evidence of it inducing miscarriage or inducing reproductive
system damage. Long term exposure to arsenic is reported to cause skin lesions, and
cancer of the skin, lung, bladder and kidney.
1.2.2. Lead
Lead is a main group element; an element with high abundance in the earth and
part of the S and P blocks of the periodic table. It has a long history of human use with
reports of use extensively in ancient times for building pipes and sinks, and was used by
the Romans for water transportation. Throughout history, lead has continually been used
in construction projects, batteries (specifically for cars), radiation shielding, ammunition,
gasoline, pipes and paints. All these uses have resulted in lead becoming ubiquitous in the
environment in soils and dusts (59, 92). Lead occurs naturally, but as a pure element it is
rare and is often found in ores with other elements such as zinc, silver and copper; the
mining of these other metals inadvertently releases lead into the environment. The main
mechanism of lead entering the environment is through human activities such as mining,
and purifying lead and other metals with which lead is associated. Concentrations of lead
in the Great Lakes have been linked to industrial sources near the water, which in turn
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have an impact on communities living nearby (48). Excluding industrial exposure, for the
majority of the population, human exposure to lead occurs from secondary sources. Its
wide use in the past century and its continued use and release into the environment in the
present day, means that human exposure remains a serious threat. Lead can be inhaled, as
it can enter the atmosphere through burning at industrial sources, smelting and through
the emissions of vehicles with leaded gasoline. This problem has been addressed in many
developed countries with the phasing out of leaded gasoline and products in the 1970s
(122). Unfortunately, leaded products are still used in developing nations. Lead can enter
drinking water through pipes; this problem is mainly found in older homes and buildings
where lead was used in construction until at least 1975. In addition, lead containing paints
were commonly used on homes until 1978 and still remain a major contamination source
(116). One of the largest sources in the US remains lead contaminated soils from past use.
Lead toxicity and exposure can also occur through consumption of contaminated
food and water or the intake of metallic particles (148). In children, this occurs mostly by
the frequency with which they put things into their mouth, not washing their hands and
touching their face. In the United States, leaded paints in homes remains a major source
of exposure for children.
Unlike arsenic, lead metabolism does not occur through a liver-related
mechanism. Once consumed, it enters the body mainly via absorption in the small
intestines and excretion occurs via the urine. However, this mechanism of elimination is
not 100% effective and a large amount of lead bioaccumulates in the blood and bones
(144). The half-life of lead in the blood is about 30 days, but it can remain in the skeletal
system for years, making toxicity a persistent problem (65, 98). This toxicity is most
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severe amongst children, thus many reports focus on child blood lead levels (BLL). In
1999–2002, an estimated 310,000 (1.6%) U.S. children had BLLs greater than 10 μg/dL,
and 1.4 million (almost 14%) had BLLs of 5–9 μg/dL (26). Unfortunately, finding the
source of high BLL is difficult as there are a multitude of exposure points from the
environment, diet and even consumer goods (170).
Due to lead’s potent neural effects, young children are at a greater risk than
adults. Serious adverse health effects of lead include: insanity, nervous system damage,
sterility and death (52). Even low lead exposure affects children’s intellectual
development and lifetime achievement. Since the 1980s, studies have linked BLLs < 10
μg/dL in children 1–5 years of age with decreased IQ and cognition (27), with effects
evident with lead as low as 2 μg/dL (10). No threshold for effects has been demonstrated.
This metal has been shown to effect neurotransmitter signalling in the brain (164), impact
cell signalling by inhibiting calcium and secondary cell signals (57), and damage protein
formation and stability (128).
The main treatments for lead toxicity focus on prevention, and major initiatives to
make the household lead-free have resulted in significant reductions in measured BLLs.
Treatment of lead intoxication has primarily relied on chelation therapy. Disodium
ethylenediamine tetra acetic acid (Na2EDTA) had been the most effective chelating agent
but its numerous side effects, especially redistribution of lead (49), have decreased its
clinical application (130). Another agent, 2, 3-dimercaptosuccinic acid (DMSA), a thiol
chelator, has shown promise against metal poisoning (50).Thus, treatment and improved
methods to prevent toxicity remain open to discovery.
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1.2.3. Cadmium
Cadmium (Cd) is a metal that occurs generally in low concentrations with other
metal elements in the ecosystem. In rare instances high concentrations may be found,
usually in zinc ores (175). Dispersion into the environment occurs through multiple
sources including inadequate disposal of electronic waste and industrial products. Sources
of exposure and release in industrialized countries have been better controlled recently,
but in many areas exposures still exceed those that occurred before industrialization.The
human diet is the main source of environmental cadmium exposure in non-smokers in
most parts of the world (70). Atmospheric deposition of cadmium, mining activities and
the application of cadmium-containing fertilizers on farm land may lead to the
contamination of soils and increased uptake through the ingestion of produce (23).
Cadmium is present in almost all foods, but the concentrations vary depending upon the
type of food and level of environmental contamination (126).
High concentrations of cadmium are present in molluscs and crustaceans such as
oysters, cephalopods and crabs (78). Foods from plants generally contain higher
concentrations of cadmium than meat, egg, milk, dairy products and fish. Among edible
plants, rice and wheat used in cereals, green leafy vegetables, potato and root vegetables
typically contain the highest concentrations of cadmium. The average cadmium intake
from food generally varies between 8 and 25 μg per day (40, 95, 113). Smoking is
another major source of cadmium exposure. One cigarette may contain 1–2 μg cadmium,
depending on the brand (41). Roughly 10% of the cadmium content is inhaled with an
approximate 50% absorbed by the lungs (143). It is estimated that a person smoking 20
cigarettes per day will absorb about 1 μg of cadmium daily. Recent studies based on
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provisional tolerable weekly intake examined cadmium accumulation in kidneys and
livers of environmentally exposed subjects. These suggest that the safe intake level for an
adult is < 30 µg/day (129).
Cadmium can accumulate in humans and has a long half-life (10-30 years) in
tissues, particularly the kidneys (77). In high exposure areas such as Toyama, Japan,
contaminated river water resulted in the onset of what has been called “Itai Itai disease”
(84). This disease is characterized by softening of the bones resulting in joint pain and
failure of the kidneys leading to many other complications.
Cadmium is classified as carcinogenic to humans by the International Agency for
Research on Cancer, based on animal studies and occupational exposure to workers.
Cadmium does not easily cross the placental or the haemato-encephalic barriers, and has
low toxicity to the foetus and the central nervous system compared with other metals (6).
While cadmium is eliminated in the urine, the amount excreted daily is low, representing
0.05 percent of the total body burden (30). There are no treatments available for cadmium
toxicity and even its removal from the environment does not result in cessation of
delirious effects.

11
1.3. Bacterial Interactions with Metals
1.3.1. Geomicrobiology
The field of geomicrobiology is the study of how microbial processes can interact
with geological and geochemical processes. It has been established since the 1970s that
bacterial species have the ability to interact with metals. Early works by Beveridge and
Murray (15, 16) explained how Bacillus subtilis is able to interact with a variety of
common and toxic metals including copper, iron, magnesium, gold and lead (17). This
was attributed to charge differences between the anionic charge of bacteria and the
cationic charge of the metals. The theory proposed that nucleation sites on the cell surface
have the ability to bind metals of opposite charge and once bound to the cell wall, these
result in a nucleation site where a large nonstoichiometric concentration could bind and
precipitate on the cell wall (14). Fein et al. (39) confirmed this through the potentiometric
titration of B. subtilis changing the pH of the environment, and cell surface charge, which
in turn affected the ability of bacterial species to bind metal in solution. Based on this
work, it was proposed that a neutral pH had the optimum binding potential for cationic
metal species because reactive functional groups would not be ionized (46). However,
this is not true for all bacterial species and in all interactions with metals. In certain
environments such as acid mine tailings, bacterial species exist with the ability not only
to survive in extreme pH conditions but also to cope with high metal concentrations
which would be toxic to the majority of other species. These organisms have the unique
ability to cope with metals through a variety of mechanisms, but most notably, the
precipitation of metal particles and active efflux.
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1.3.2. Bioremediation
The U.S. Geological Survey (USGS) developed the theory of bioremediation after
observing that bacterial species, along with some eukaryotic organisms (fungi and
yeasts), were interacting with both metals and other toxic compounds. The theory was not
actively used until 1992 when the USGS added nutrients to contaminated soils in
Hanahan, South Carolina to activate bacterial species in the soil: within a year 75% of the
toxic compounds in the soil had been removed (81). The use of microorganisms found
naturally in soil, water and sludge pioneered the field of bioremediation. Improvements in
the ability of bacterial species to degrade environmental toxins and bind metals arose
through the use of genetically engineered microorganisms (GEM). One of the most
celebrated innovations in this field and the first GEM released widespread into
contaminated soils was Pseudomonas fluorescens strain KH44 engineered by the
University of Tennessee and Oak Ridge National Laboratory (131). Since 2000, the
number of bioremediation projects actively undertaken in the US has significantly
increased as more evidence from the scientific community has shown the effectiveness of
both natural and engineered microbes in degrading toxins (2). However, strict regulatory
guidelines by the EPA make the use of GEM difficult to near impossible to implement.
The major obstacle to implementation is a lack of concrete evidence to show these
engineered microbes will not have any adverse effects on the environment or human
populations. In addition, a cost effective approach is needed to implement this into
widespread use (51).
The use of microbes to remove metals from contaminated sites is a unique
process. Degradation by metabolism is not possible; instead, microorganisms have
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evolved systems to manage toxic elements by binding metals and preventing harmful
interactions with proteins in the cell, or actively transporting the metal out of the cell
cytosol (63, 105, 169). These resistance mechanisms are often plasmid-encoded, but in
some instances the genes are found on the bacterial chromosome, which may suggest an
important evolutionary pressure to retain these genes. Examples include mercury (Hg2+)
resistance in Bacillus, cadmium (Cd2+) efflux in Bacillus and arsenic efflux in
Escherichia coli (25, 136).
Attempts have been made to use GEM to increase toxic metal remediation in
both contaminated waters and soils. One approach is the transformation and expression of
metallothionein (MT) on the surface and inside bacterial cells. Metallothionein is a low
molecular weight (6-7kDa) cysteine-rich protein, which has been shown to play a role in
metal binding and homeostasis in humans and other higher eukaryotes (79). Sousa et al.
expressed metallothionein on the surface of E. coli and successfully increased cadmium
accumulation by the cells expressing MTs (145, 160).
However, much of the data regarding these phenomena are from in vitro lab
studies, and there are few large scale field studies showing an effect of using
microorganisms for metal absorption in contaminated soil and water. Strong evidence
exists for phytoremediation, a site remediation strategy, which employs plants to remove
non-volatile soil contaminants (7).
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1.4. Host Interaction with Metals
1.4.1. Metal Biosorption in the Human Body
In environmental ecosystems it is now established that there is an intricate
interaction between metal contaminants and the native microorganisms. These organisms
have developed unique resistance mechanisms allowing them to survive and in some
instances remove or reduce the concentrations of contaminants in their environments.
With the human body home to a large microbial population in areas such as the oral
cavity and gastrointestinal tract, what role might the microbiota play in interacting with
metals once they enter the human body? The gut microbiota is the major microbial
community that has extensive contact with metals and other contaminants as they are
ingested through our diet. This microbiota contains at least two orders of magnitude more
genes than are found in the human genome (119), thus the genetic and enzymatic
diversity is immense. These organisms play key roles in regulating digestion by
providing enzymes required for metabolic breakdown, thereby processing and
metabolizing compounds as they enter the host through normal diet (99, 135). The largest
population of bacterial species is located from the small to the large intestine (156),
which is the major site of metabolic breakdown and nutrient absorption. Therefore, it is
possible that metals consumed and released during metabolism can be bound by our
endogenous microbiota which may prevent absorption into the host.
One of the most convincing pieces of evidence for this intrinsic protection is the
fact that many of the toxic metals, including lead, cadmium, arsenic and mercury, are
consumed at much higher concentrations than are actually detected in blood and hair
samples from exposed individuals (47, 177). The relative bioavailability of ingested
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contaminants following oral exposure is traditionally calculated using animal experiments
that monitor the percentage of an ingested dose absorbed into the bloodstream (38). The
Physiologically Based Extraction Test, an in vitro gastrointestinal (GI) model that
simulates the physical, chemical, and enzymatic conditions of the human GI tract, was
first developed for the calculation of lead bio-accessibility from contaminated soils (125).
Contaminant bio-accessibility refers to the fraction/percent of an ingested contaminant
that is released into simulated GI fluids (124). Since contaminant dissolution is typically
required prior to the absorption of the contaminant across the GI epithelium, bioaccessibility is considered to be a conservative predictor for in vivo bioavailability (114).
One of the more accepted and newer models of bioavailability is The Simulator of the
Human Intestinal Microbial Ecosystem (SHIME), an in vitro GI model that is unique
because it incorporates the activity of the human GI microbiota (18, 162). No other tests
or standard models take into account the effect of the human GI microbiota in altering the
bioavailability of metals.
Microbial sequestering of metals by the intestinal microbiota is strongly supported
by studies that show a disproportion in the concentration of contaminants that are
measured prior to and post consumptions. Only 40-60% of total amount of metals
originally ingested is ever absorbed across the intestinal barrier into the body (159, 168).
This variance in bio-accessibility is unique for each metal and depends on route of entry,
foodstuffs consumed and the type of host microbiota (149). While the SHIME system has
been important in showing the effect of the gut microbiota on liberating metals for bioaccessibility, it has not answered the question of what effect the gut microbiota may have
on binding and sequestering metals, thus imparting protection on the host. As mentioned
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earlier, one of the main resistance mechanisms of bacteria is the ability to bind metals.
Three mechanisms for the binding of metals to bacterial cell walls are known: i) ion
exchange reactions with peptidoglycan and teichoic acid, ii) precipitation through
nucleation reactions, and iii) complexation with nitrogen and oxygen ligands (55). Grampositive bacteria have elevated adsorptive capacity, particularly Bacillus species, due to
high peptidoglycan and teichoic acid content in their cell walls. Gram-negative bacteria
cell wall structures have a thinner peptidoglycan layer and do not contain teichoic acids.
They are therefore lower in these components and are poorer metal absorbers (55). The
phylum Firmicutes represents a large proportion of the microbiota in the colon (176).
They are largely composed of Gram-positive species such as Bacillus and Clostridium,
but also include Lactobacillus (165). Thus, within the human intestinal tract there are
large populations of bacterial cells with the potential to bind and sequester metals that
enter the body.
Detoxification is the ability to remove drugs, mutagens and other harmful agents
from the body. This is in contrast to detoxication, which is the mechanism of preventing
entry of damaging compounds into the body (75). Detoxication usually occurs in the
human intestinal tract, the liver and kidneys before compounds can spread and reach
target sites where damage ensues (13). It is by this process that the gut microbiota, and
potentially probiotic bacteria may have the largest role in binding metals, preventing their
entry to the body and thus protecting the host.
Many of the species used in environmental remediation for example
chemolithotrophic bacteria that use inorganic sources of energy, such as metals, for
electrons and production of ATP are not applicable to human physiological metal
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removal. Free forms of metals especially iron (Fe) are rare in the body and thus are a
limiting nutrient for growth (133). Secondly, many soil bacteria can be opportunistic or
obligate pathogens inside the human body (11, 31). Thirdly, many of the most effective
species for bioremediation are genetically engineered or modified to enhance their innate
ability (9, 142) and they may not be suitable for human use. This necessitates finding and
testing other unique strains for their ability to detoxify metals.
1.4.2. Metals and the Gut Microbiota
Constitutents of the gut microbiota are adversely affected by lead, cadmium,
arsenic, mercury, leading to a dysbiotic state (32). However, certain species such as
Lactobacillus may potentially be used as adjuvants in treating metal toxicity in humans as
they have resistance mechanisms that are effective in preventing damage to the cell from
toxic metals (138). In addition, Lactobacillus, along with some other bacterial genera or
species, have been shown to bind and sequester toxic metals to their cell surfaces and
remove them from the environment (123). Metal and antibiotic resistance genes are often
encoded together on the same plasmid, a selective pressure on the carriers of these
plasmids to keep this genetic information is exerted by both antibiotic and metal
exposure. Metal exposure is a daily occurrence in the gut environment; species having
metal resistance mechanisms are likely better adapted (37).
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1.5. Detoxification of Metals by Lactobacilli
1.5.1. Uses and Applications of Lactobacilli
The genus Lactobacillus has a long history of safe use in food (67), and more
recently as probiotics (44). The ability of bacteria to bind and sequester metals has been
shown but depends on a variety of factors including the metal element, concentration of
cells, metabolism, pH of solution and contact time (72, 173). The ability of lactobacilli to
bind and sequester metals also depends on the species’ or strain’s resistance mechanisms.
Notably, binding of metals is not the only resistance mechanism. Against certain metals
such as arsenic and mercury, the main method is through active efflux out of the cell.
This has been shown by the presence of mer and ars operons in Lactobacillus and other
gut associated species (12, 161). This mechanism is effective in protecting the bacterial
cell because metal toxicity comes from the ability to bind enzymes and other proteins.
Having the ability to export metals out of the cell reduces the chance of damage by
lowering the cellular concentration. However, this resistance mechanism is not ideal for
the host as it results in cycling of the metal back into the intestinal lumen. It does remain
possible that while the cell may be pumping these metals back into the intestinal lumen
the process of sensing the metals, transcribing the necessary genes and generating all
required proteins to a high enough concentration takes time. During this response, the
metal is trapped inside the bacterial cell while the organism is moving down the gut
towards elimination via defecation. Ideal bacterial candidates for detoxication may
actually be those that lack the genes encoding metal transporters, and they act simply by
binding and sequestering the metals. This, in theory, would lower the concentration in the
intestinal tract and reduce the availability of metals for absorption into the host.
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1.5.2. Arsenic Detoxification
Unlike most other metals (and toxic metals), arsenic is an anionic element,
making it problematic for bacterial-metal binding. It is believed the large amount of metal
absorbed by microbes is primarily due to charge attractions between the net negative
bacterial cell and the positively charged metal. Thus, arsenic is not likely attracted
through ionic forces due to similar charge, thus different mechanisms are required to
absorb or sequester large amounts of it.
Halttunen et al. (54) attempted to overcome the issue of arsenic charge and
bacterial surfaces by methylating a selection of lactobacilli in order to neutralize surface
negative charges and foster more attraction between positive charged amino groups on
the cell wall and negatively charged arsenic ions. Lyophilized cultures of lactobacilli
were re-suspended and incubated with As (III) or As (V), and the metal reduction from
solution at different pH and time points was observed (62). They determined that amino
groups were the most probable binding sites of As (V), and methylation did not have a
significant effect upon reducing all negative charges on all observed strains. Generally,
the surface of lactobacilli is composed of a thick layer of peptidoglycan, carbohydrates,
(lipo)teichoic acids and proteins (36). Although anionic carboxylic and phosphate groups
are the most abundant ionic groups that give lactobacilli their net negative charge, the
peptidoglycan layer and surface proteins, such as S-layer proteins, are known to contain
positively charged groups. Lactobacillus acidophilus strains and L. crispatus DSM20584
produce S-layer proteins, which may explain their activity against arsenic (132). Singh
and Sharma (123) showed that L. acidophilus was able to bind and remove arsenic from
water at concentrations of 50-1000 ppb, the maximum removal occurred within 4 hrs of

20
exposure and was proportional to the amount of biomass; more organisms added resulted
in increased removal of arsenic from water (137).
1.5.3. Lead and Cadmium Detoxification
In contrast to arsenic, lead and cadmium ions are cationic. Although they are
unique elements with differing molecular weights, occurrences in nature and studies on
the physiological effects of lead and cadmium are often conducted together as the
elements seem to react with bacterial species in similar ways. Much emphasis has been
put on the ability to bind and sequester these metals because of their high occurrence in
the environment, in human diet and their toxic effects.
Halttunen et al. (61, 151) showed that Lactobacillus and Bifidobacterium species
can bind lead and cadmium in solution. They observed a rapid binding phenomenon
across all studied species with the highest amount of both lead and cadmium bound
within 5 mins to 1 hour. Most importantly, the metal remained strongly sequestered by
the cells and did not disassociate even 48 hrs after testing. Similar results for binding of
cadmium were observed by Pardo et al. (115) who examined the ability of Pseudomonas
putida to bind cationic metals including lead and cadmium, and cadmium absorption by
Bacillus subtilis (21). These researchers concluded that the rapid absorption of metals
from solution supports binding to the cell surface. In addition, the effect of pH on
interfering with maximal metal binding is a result of protonation/ deprotonation of
negatively charged reactive sites on the cell surface to which the cationic metals bind and
precipitate.
Involvement of anionic surface groups in metal binding has been reported for B.
subtilis. Extraction of the teichoic acid moieties (phosphodiester groups), and reduction
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of the number of free carboxyl groups, reduced the cation uptake by the B. subtilis cell
walls (16). Lactobacillus rhamnosus GG and some Bifidobacterium longum strains are
also known to produce exopolysaccharides (EPS) (90, 107). These molecules contain
different charged groups including carboxyl, hydroxyl and phosphate groups. The ability
of lactobacilli to produce EPS with a greater percentage of negatively charged groups
may increase the number of ligands capable of binding cationic metals such as cadmium
and lead.
Ibrahim et al. (72) compared the abilities of two probiotics, L. rhamnosus LC-705
and Propionibacterium freudenreichii, to bind and absorb lead and cadmium in solution.
They reported rapid binding and saturation of the cell by metals after 1 hour of exposure.
Their study was in agreement with others, showing a dependence on pH for cadmium and
lead binding by B. subtilus and E. coli (86). However, these reports have conflicting
results on the maximum amount of metal that can be bound and the affinity for metals by
different bacterial species.
Topcu and Bulat (135) examined Enterococcus faecium, a member of the lactic
acid bacteria used in some foods and with various applications in processing some
fermented dairy products (58). They observed removal of cadmium and lead from liquid
medium by E. faecium EF031 and a probiotic culture of E. faecium M74 (153). They
suggest that the complexes formed between metals and bacterial cells occur rapidly,
within the first 5 hrs and that the complexes are stable and long lasting. It was thought
that the uptake of the metal from solution occurred via extracellular accumulation, cell
surface sorption, or intracellular accumulation (163).
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Using electron microscopy and Fourier transform infra-red spectroscopy with two
Lactobacillus kefir strains, CIDCA 8348 and JCM 5818, the bacteria/metal interactions in
the S-layer was examined. In these strains, the S-layer represents 90% of the outer
surface covering the cell envelope (54). Precipitation of metals in the cell S-layer and
changes in the secondary structure of the S-layer in terms of protein arrangement after
metal absorption were observed (56).

1.6. Rationale for Studying Lactobacilli Interaction with Toxic Metals
Lactobacilli are thought to be an important population within the gut microbiota,
contributing to homeostasis and suppression of pathogenic growth. Given their long
history of safe use in food products and more recently as probiotics, there has been an
increase in human consumption of these microbes in recent years. Metal contamination
remains an ongoing burden and the largest entry point into the body remains diet.
Understanding how lactobacilli interact with metals is important in order to understand
the toxicology of metals and to develop natural treatments for metal toxicity. In vitro
studies have shown that some lactobacilli can bind and interact with the metals that I
chose to study. My intent was to further understand how lactobacilli bind metals and,
using a cell culture approach, determine how this binding ability might affect the host.
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1.7. Hypothesis and Objectives
I hypothesize that species from the genus Lactobacillus will be able to bind
the metals lead, cadmium and arsenic. Sequestering these could play a protective
role in the host by reducing metal absorption.
Preliminary studies by other groups have shown that bacterial species, including
Lactobacillus can bind and remove metals from solution. I believe that lactobacilli will be
able to sequester metals and remove them from solution either through a cell surface
interaction or by uptake into the cell.
Objective 1: Analyze and compare the capabilities of a panel of Lactobacillus strains
to bind the metals lead, cadmium and arsenic
My goal was to determine the capabilities of different Lactobacillus strains to
bind metals with regards to contact time before binding, concentration tolerance and
binding capacity of the cells.
Objective 2: Characterize the differences in cell wall properties and metal binding
mechanisms of the various Lactobacillus species.
The aim was to investigate how bacteria bind metals in solution, specifically
examining if this was a passive or active process requiring cell metabolism.
Objective 3: Determine potential beneficial application of lactobacilli in a gut
epithelial cell line model using the Caco-2 cell line.
The final step of the study was to determine if lactobacilli could block damage to
a Caco-2 intestinal cell line and prevent metal uptake and transport across the monolayer.
Caco-2 cells are used as a model to study gut function and I hoped to assess the potential
for lactobacilli to protect the host.
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CHAPTER 2
MATERIALS AND METHODS
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2.1. Bacterial Cultures and Conditions
The bacterial strains used in metal-binding assays and Caco-2 cell challenges are
listed in Table 2.1. Three main groups of bacteria were used: various species of
Lactobacillus, yogurt starter cultures S. thermophilus and L. delbreuckii subsp.
bulgaricus, and E. coli Co1 and E. coli 25922. All bacterial strains were used in their
second sub-culture from freezer stocks. All aerobic bacteria were cultured in shaking
conditions for 20 hrs at 200 rpm in 37°C using their preferred growth media (Table 2.1).
All lactobacilli and yogurt starter organisms were cultured in static conditions for 20 hrs
at 37°C and 42°C, respectively, in anaerobic conditions using the GasPak EZ system
(Becton-Dickenson Mississauga, Canada).

2.1.1. Metal Tolerance Growth Curve
Five millilitre (mL) liquid cultures of the various bacterial strains were grown for
20 hrs at 37°C. Cells were centrifuged and washed twice in 1x phosphate buffered saline
(PBS) (pH 7) and re-suspended to 10 mL in PBS. Solutions of MRS broth containing
metals were made with metal stock solutions of Pb, Cd and As (Sigma Aldrich, USA) to
final concentrations of 1 mg/L, 5 mg/L, 10 mg/L, and 50 mg/L of each. Wells in a sterile
96 well plate (BD FalconTM, USA) were filled with 200 µL of metal-containing MRS
bacteriological media. Two µL of bacterial cultures were inoculated into the wells, with
several wells not inoculated to serve as controls. The plates were sealed with sealing
films (EZ – Pierce TM) to create an anaerobic environment. Plates were incubated for 24
hrs at 37°C. Readings were taken at an optical density (OD) of 600 nanometers (nm)
every half hour for 24 hrs in an automatic plate reader; Multiskan Ascent (Thermo Fisher
Scientific, USA) with shaking at 200 rpm before the readings. Following incubation,
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cultures were diluted to a range of 10-7 to 10-9 cells/mL and enumerated by the drop plate
method on MRS agar plates. Cultures were incubated for 24 hrs at 37°C anaerobically to
determine concentration of bacterial species remaining in solution after exposure to
metals.

27

Table 2.1. Bacterial strains, preferred growth media and conditions.
Bacteria

Source

L. rhamnosus GR-1
L. johnsonii DSM20553
L. plantarum 14917T
L. casei 393T
L. casei 21052

Clinical Isolate
DSMZ1
ATCC2
ATCC
ATCC

Growth Media /
Conditions
MRS3/ anaerobic
MRS/ anaerobic
MRS/ anaerobic
MRS/ anaerobic
MRS/ anaerobic

Yogurt Isolates

MRS/ anaerobic
M174/ anaerobic

L. bulgaricus
S. thermophilus

E. coli Co1
Clinical Isolate
LB5/aerobic
E. coli 25922
ATCC
LB/aerobic
1
DSMZ=
Leibniz-Institute DSMZ-German Collection of Microorganisms and Cell
Culture
2
ATCC=
American Type Culture Collection
3
MRS=
de Man, Rogosa and Sharpe
4
M17=
M17 Agar Media
5
LB=
Luria-Bertani media
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2.1.2. DNA Isolation and Verification of Working Strains
All bacterial cultures were verified by polymerase chain reaction (PCR) to ensure
accurate species identification during assays. A colony of bacteria from a nutrient agar
plate was re-suspended in 1 mL of Milli-Q water. The suspension was centrifuged at
10,000 rpm for 2 min and the supernatant discarded. Next, 200 µL InstaGene Matrix
(BioRad #732-6030, Mississauga, Canada) was added to the bacterial pellet and
incubated for 30 min at 56°C. The solution was vortexed for 10 sec and incubated for 8
min at 100°C, then re-vortexed for 10 sec followed by centrifugation at 10,000 rpm for 3
min. The supernatant was transferred to a clean, sterile microcentrifuge tube and used as
DNA template for subsequent PCR. Amplification of the DNA by PCR was carried out in
50 µL reactions consisting of 1 µL DNA template and 49 µL of master mix (Table 2.2).
Positive and negative controls were included in each reaction set consisting of 1
µL verified L. rhamnosus GR-1 DNA and 1 µL dH2O, respectively. The sequence of the
eubacterial primers flanking the V3 region of the 16S rRNA gene are as follows: HDA-f
(5ACTCCTACGGGAGGCAGCAGT-3) at position 339–357 and HDA-r (5-GTATTACCGCGGCTGCTGGCA-3) at position 518–539. The PCR reactions were carried out
in a Mastercycler (Eppendorf, Mississauga, Canada) under the following conditions:
94°C for 2 min, 25 cycles of 94°C for 45 sec, 61-51°C over 10 cycles for 45 sec (each
cycle dropping by 1 degree then remaining at 51°C for the last 15 cycles), 72°C for 45
sec, and a final elongation step of 72°C for 2 min. PCR product (5 µL) were mixed with 1
µL 6x Loading Dye and loaded onto a 1% agarose gel made of 1x Tris borate EDTA with
5 µL ethidium bromide (0.5 µg/mL). The gel underwent electrophoresis and was viewed
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under UV light in an Alpha Imager (Alpha Innotech Corporation) to verify the presence
of PCR product in each sample.
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Table 2.2. PCR master mix for PCR reactions.
PCR Component
10x PCR Buffer
(Invitrogen)

Volume added (µL)
5.0

Final Concentration
1x

MgCl2 (50 mM)
dNTPs (1.25 mM)
HDA-f (20 µM)
HDA-r (20 µM)

1.7
8.4
1.6
1.6

1.7 mM
210 µM
640 nM
640 nM

Platinum Taq Polymerase
(5 U/µL) (Invitrogen)

0.5

0.05 U/µL

Milli-Q dH2O

30.2

----

Final Volume:

49

----
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2.1.3. DNA Purification
Purification of amplified DNA was performed using the QIAquick PCR
purification kit (Qiagen, Toronto, Canada) following the manufacturer’s instructions. The
eluted DNA was then stored at -20°C until further use.
2.1.4. Sequencing
A mixture was prepared consisting of 10 µL purified PCR product, 0.5 µL of 20
µM forward primer (HDA-f) and 4.5 µL Milli-Q H2O. Sequences of the PCR products
were determined by dideoxy chain termination (Sequencing Facility, John P. Robarts
Research Institute, London, Ontario). Analysis of the V3 region of 16S rRNA was
conducted using the GenBank nucleotide database and BLAST algorithm.
Electropherograms were analyzed using the FinchTV chromatogram trace viewer
(Geospiza).

2.2. Bacterial DNA Preparation for Ion Torrent Sequencing
In order to study, in the future, whether metals and other toxins such as pesticides
alter the GI microbiota, protocols needed to be established to verify that this was
achievable in our lab. Thus, two fecal samples were collected from two male donors, one
aged 55 and the other 24 years. Bacterial DNA was purified from these samples. DNA for
chemostat analysis was purified from the liquid media taken from the chemostat reaction
vessel in the Allen-Vercoe lab at the University of Guelph. The chemostat was set up and
maintained with the assistance of Julie MacDonald, a PhD student at the Vercoe Lab at
the University of Guelph. In summary, a human fecal sample was inoculated into the
system and maintained over time. Addition of pesticides (malathion at 2 mg/L (ppm)) to
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the vessel on days 2-4 of the trial and removal of growth media used for DNA isolation
was performed with Julie’s assistance. For DNA isolation the E.Z.N.A Stool DNA
Miniprep Kit (D4015-01, Omega Bio-Tek, USA) was used and followed according to
manufacturers’ guidelines.
For PCR amplification primers were made to amplify the V6 region of the
bacterial rRNA gene. The left side primer contained a unique sequence barcode on the 3'
end to identify samples, followed by the Ion Torrent adapter sequence. The right side
primer contained the Ion Torrent adapter sequence on the 5' end. Primer sequences (5' to
3') without adapters or barcodes.
V6LT: CCATCTCATCCCTGCGTGTCTCCGACTCAG and
V6RT: ACRACACGAGCTGACGAC.
A hot start PCR protocol was used with the Colorless 2X GO Taq master mix
(Promega) and 1.5 µL of template DNA. Cycles were 95°C, 55°C, 72°C for 1 min each
and 25 cycles. The concentration of double-stranded DNA after PCR was measured using
the Qubit fluorometer. Equimolar amounts of each sample were pooled for sequencing by
Ion Torrent on a single 316 chip at the London Regional Genomics Centre, Robarts
Research Institute, University of Western Ontario.
Using custom scripts modified by Dr. Greg Gloor (Department of Biochemistry,
University of Western Ontario), from the sequencing output each read and its
corresponding sample-identifying barcode were extracted and reads were grouped into
identical sequence units (ISUs). Operation taxonomic units were assigned by grouping
ISUs with USEARCH 5.2.32 with a 97% identity cut-off and using the most abundant
ISU of each OUT as the seed sequence. A table was created for all samples with read
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counts for OTUs present and graphed using R (r-project.org). Taxonomy was assigned by
comparison of each OUT seed sequence to the Ribosomal Database Project depository
using their Seqmatch tool (rdp.cme.msu.edu/seqmatch). If multiple hits of equal quality
were detected, the common higher taxonomic rank was used for identification.
For the gut samples and chemostat samples, the mean number of reads were
26082.5 and 54924.8, respectively, with standard deviations of 895.5 and 2628.3,
respectively.

2.3. Isolation of Cell Wall-Associated Proteins
A 10 mL bacterial overnight culture was grown for 22 hrs at 37°C in preferred
growth medium. The culture was transferred to a sterile tube and centrifuged at 7,560 x g
for 20 min at 4°C. The supernatant was discarded and the pellet placed on ice for 5 min.
The pellet was resuspended in 5 mL of chilled TE buffer (50 mM Tris-HCl, 1 mM
EDTA, pH 8.0) containing 1 mM of the protease inhibitor phenylmethylsulfonyl fluoride.
Care was taken to ensure no foaming by pipetting up and down instead of vortexing. The
sample was centrifuged at 7,500 x g for 20 min at 4°C and the supernatant discarded, and
this was repeated an additional time. The pellet was re-suspended in 1.15 mL of ice-cold
mutanolysin mix (1 mL TES buffer, 100 µL lysozyme [100 mg/mL in TES], 50 µL
mutanolysin [5,000 U/mL in ultrapure H2O]). The sample was then incubated for 2 hrs at
37°C with shaking at 200 rpm. Following this the sample was centrifuged at 14, 000 x g
for 5 min at room temperature in a bench top microcentrifuge. The supernatant was
collected in 500 µL aliquots and stored at -20°C until use.
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2.3.1. Isolation of Bacterial Supernatant Proteins
One mL of a 10 mL overnight bacterial broth culture grown for 22 hrs was
removed and placed in a clean, sterile microcentrifuge tube. The suspension was spun at
12,000 rpm at 4°C for 2 min. The supernatant was saved and transferred to a new clean
microcentrifuge tube. Three hundred µL of 20% ice-cold trichloroacetic acid was added
to the supernatant, vortexed at high speed for 5 sec and left on ice for 30 min. The
solution was centrifuged at 12, 000 rpm for 15 min at 4°C and the supernatant discarded.
The pellet was washed with 300 µL ice-cold acetone (12,000 rpm for 5 min at 4°C), air
dried, and re-suspended in 37.5 µL 200 mM urea 12.5 µL 4x sample buffer (40%
glycerol, 240 mM Tris[pH 6.8], 4% SDS, 0.2% bromophenol blue and 2% betamercaptoethanol). The protein solutions were stored at -20°C until use.
2.3.2. SDS-PAGE Protein Purification
Acrylamide gels made for SDS-PAGE (sodium dodecyl sulphate polyacrylamide
gel electrophoresis) were composed of an upper 5% stacking gel (pH 6.8) and a lower
10% resolving gel (pH 8.8). Protein solutions were thawed and heated at 100°C for 5
min, and then placed on ice for another 5 min. Twenty µL of the protein samples were
loaded into the gels and run at 50V until the bands ran past the interface of the stacking
and resolving gel, and then at 120V through the resolving gel. The running buffer
consisted of 196 nM glycine, 0.1% SDS and 25 mM Tris-HCl at pH 8.3. When the lower
dye front had migrated to the bottom of the gel, the run was stopped and gels were
removed from the apparatus. The gels were stained with Coomassie Blue solution (50%
methanol, 0.05% w/v Coomassie Brilliant Blue R-250 and 10% acetic acid) for at least 5
hrs and then placed in destain solution (5% methanol and 7% acetic acid) until bands
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were resolved well. The gel was then viewed under light on a transparent surface in an
Alpha Imager (Alpha Innotech Corporation).
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Table 2.3. Composition of polyacrylamide gels for SDS-PAGE
Component

Stacking Gel (5%)

Resolving Gel (10%)

Milli-Q-H2O
40% Acrylamide
Tris Buffer 1
10% SDS

3.15 mL
0.6 mL
1.25 mL
100 µL

5 mL
2.5 mL
2.5 mL
100 µL

10% APS
(ammonium persulfate)

50 µL

100 µL

TEMED
5 µL
10 µL
(Tetramethylethylenediamine)
1. Tris buffer for resolving gel: 1.5 M Tris-HCl, pH 8.8; for stacking gel: 0.5 M Tris-HCl,
pH 6.8.
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2.4. Metal Binding Assays – Live Cells
Ten mL of liquid cultures of bacterial cells were grown for 22 hrs at 37°C in
appropriate growth media (Table 2.1). Cells were centrifuged at (10,000 x g for 15 min)
and washed 3x in 50 mM HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid pH 6.8). The cells were re-suspended to 10 mL in HEPES buffer, three 1 mL
aliquots were divided into 15 mL polypropylene conical tubes (BD Falcon™). To each
conical tube 10 mL of a metal-spiked HEPES buffer was added, containing Pb, Cd or As.
Concentrations of metals varied throughout experiments to assess lower and upper limits
of lactobacilli binding abilities. Metals were initially added at 1 concentration of 1 mg/L
(1 ppm). Throughout the project various concentrations were used, the unit conversion
between mg/L and ppm is equivalent with 1 mg/L= 1 ppm. The tubes were sealed tightly,
vortexed and placed in an anaerobic jar using a GasPak EZ system (Becton-Dickenson
Mississauga, Canada). The solutions were incubated for 5 hrs at 37°C with gentle
shaking. Following the incubation period the sample tubes were centrifuged (10,000 x g
for 15 min); the supernatant was collected and placed into a clean sterile conical tube (BD
Falcon™) and acidified with 20% nitric acid (VWR® Mississauga, Canada) to a final
concentration of 2% nitric acid (nitric acid was used as it is safe for instrumentation used
to measure metal concentration). Samples were frozen at -20°C until time of analysis.
Bacterial cultures were diluted and enumerated using the drop plate method to determine
culture concentrations both prior to and following incubation in metal solution. Analysis
of metal concentration in solution was carried out by inductively coupled plasma-mass
spectrometry at the Biotron Facility (University of Western Ontario).
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2.4.1. Metal Binding Assays – Nonviable Cells
Ten mL liquid cultures of bacterial cells were grown for 22 hrs at 37°C in
appropriate growth medium. Cells were centrifuged at (10,000 x g for 15 min) and
washed 3x in 50 mM HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
pH 6.8). The cells were re-suspended to 10 mL in HEPES buffer and underwent one of
three treatments: i) heat killing, ii) sodium azide (NaN3) treatment iii) gamma irradiation.
For heat killing, bacterial cells were placed in 75°C water for 60 min. Sodium azidetreated bacterial cultures were incubated in a 2 mM NaN3 solution for 20 min. Sodium
azide is a proton motive force inhibitor and prevents normal cell metabolism. For gamma
irradiation, 1 mL aliquots of bacterial cells were placed in 1.5 mL polypropylene
microtubes (Diamed ® Mississauga, Canada) and irradiated for 1 hr at 5.5 kilo Grays
(kG). All cells following treatment were diluted and drop plated to ensure a loss of
viability.
One mL aliquots were then divided into 15 mL polypropylene conical tubes (BD
Falcon™). To each conical tube 10 mL of a metal-spiked HEPES buffer was added,
containing Pb, Cd or As. Final concentrations of metals were at 10 mg/L (10 ppm) for
metal binding assays with non-viable cells. The tubes were sealed tightly, vortexed and
placed in an anaerobic jar using a GasPak EZ system (Becton-Dickenson Mississauga,
Canada). The solutions were incubated for 5 hrs at 37°C with gentle shaking. Following
the incubation period the sample tubes were centrifuged (10,000 x g for 15 min); the
supernatant was collected and placed into a clean sterile conical tube (BD Falcon™) and
acidified with 20% nitric acid (VWR®) to a final concentration of 2% nitric acid in the
sample tube. Samples were frozen at -20°C until time of analysis.
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2.5. Autoaggregation
Liquid cultures of bacterial cells were incubated at 37°C for 22 hrs. Cells were
harvested by high-speed centrifugation (10,000 x g for 10 min), washed twice in 3 mM
NaCl containing 0.5 mM CaCl2, and re-suspended in the same solution. Subsequently, the
cell suspension was centrifuged at 650 x g for 2 min and the remaining cell suspension
was used for aggregation testing.
Equal volumes (50 mL each) of the suspensions of aggregating strains were
mixed in 300 mL beakers and immediately incubated at 37°C. Several 10 mL aliquots of
aggregating mixtures were withdrawn at regular intervals over the course of 300 min
duration, and the aggregation indices were measured. In the assay, samples were simply
allowed to stand for 5 to 60 min. The OD600 of the carefully pipetted supernatants (upper
layer) were measured after 5, 10, 30, and 60 min and used to calculate the aggregation
indices.

The aggregation index was calculated as follows (85):

Aggregation index (%) = OD(total) - OD(supernatant) x 100
OD(total)
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2.6. Bacterial Potentiometric Titration
Bacterial cells for experimentation were initially cultured in 3 mL of MRS broth
for 22 hrs at 37°C, then transferred to 1 L of MRS broth and grown for another 22 hrs
with shaking at 37°C. The cells were removed from the nutrient medium by
centrifugation as previously described, rinsed twice in 0.1 M NaClO4 (the electrolyte
used in the experiments). Cells for all experiments were then rinsed 5 additional times in
0.1M NaClO4. Potentiometric titrations of concentrated biomass suspensions were carried
out under a N2 atmosphere at 37°C. Ionic strength was buffered by suspending the
biomass in NaClO4 electrolyte (0.1M). The titrations were performed with a burette
assembly, and pH measurements were conducted with a Φ® 400 Series Handheld Meter
(Beckman Coulter). The electrode (Calomel pHree, Gel-Filled, Epoxy) was calibrated
using commercially supplied pH standards (Thermo Scientific).
The titrations were carried out by adding a commercially supplied volumetric
standard of 1.0005 M HNO3 and a solution of 1.008 M NaOH. Before each titration, the
biomass suspension was purged of dissolved CO2 with N2 (g) for 60 min, yielding
approximate suspension pH values of 6–7 for non–acid-washed bacteria. The suspensions
were then titrated acidimetrically to pH 2 and then alkalimetrically to pH 10. Above pH
10, significant cell lysis occurs, and may interfere with the buffering measurements. Two
types of titrations were conducted: 1) blank titrations using 0.1 M NaClO4 as the
background electrolyte, 2) replicate experiments (hereafter termed 0.1 M bacterial
titrations) using 0.1 M NaClO4. Amounts of acid/base added for each condition were
recorded and graphed using GraphPad Prism 4 ® (46).
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2.7. Tissue Culture Maintenance and Conditions
The human epithelial colorectal adenocarcinoma cells (Caco-2) were used to
represent the intestinal barrier during these studies, with cells used between passages 3040. Cells were maintained in Eagles Minimum Essential Medium (EMEM) (ATCC®)
supplemented with 1.5 g/L sodium bicarbonate, 10% final concentration Fetal Bovine
Serum (FBS), 1% final concentration penicillin-streptomycin and 2 mM L-glutamine. All
ingredients were mixed together in warm EMEM (37°C) and filtered through a 0.2 µm
filter (VWR® Mississauga, Canada). Media were aliquotted and stored at 4°C until use.
Cells were maintained in 75 cm2 or 25 cm2 flasks or 12-well or 24-well plates (BD
Falcon™) depending on stage of growth and experimental setup, enough media to cover
the bottom of the flask or wells was added to each container. Media was changed every
other day. Cells were grown at 37°C in a 5% CO2 atmosphere in a Hera Cell tissue
culture incubator (Mandel® Guelph, Canada).
Cells were passed by removing media with a glass Pasteur pipette connected to a
vacuum line. Five mL of PBS (pH 7) was added to the flask to wash cells and remove
residual FBS, this was then aspirated. Four mL of 0.25% (w/v) trypsin was added to the
flask and incubated for 5-10 mins (or until cells became detached from flask surface) at
37°C. Once cells were detached, 6 mL of media was added to quench trypsin, and media
was vigorously pipetted 4-5 times to break up any cell clumps. The total volume of media
in flask was transferred to a 15 mL conical tube (BD Falcon™) and centrifuged at 3000
rpm for 5 min. The supernatant was removed and the cells were re-suspended into 6 mL
of fresh media. Cells were then seeded into a new flask or tissue plate at set dilutions
depending on flask or plate being used.
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2.7.1. Caco-2 Cell Viability and Lactobacilli Testing
Caco-2 cells were grown in 12 or 24 well plates for two weeks using
supplemented EMEM as described above. At two weeks, media was aspirated and cells
were washed lightly 2x with warm 50 mM HEPES buffer (pH 6.8). Bacterial cultures of
interest were also grown in 5 mL broth cultures for 22 hrs and washed 2x with 50 mM
HEPES (pH 6.8). Bacterial cells were re-suspended to 10 mL in EMEM without any
antibiotics in solution, 400 µL of media was added to wells in 24-well plates and 800 µL
of media was used in 12-well plates. Bacteria were incubated with the cell line for 2 hrs
at 37°C. During incubation period, metal-spiked solutions of EMEM were made by
adding concentrated solutions of Pb, Cd or As (Sigma Aldrich® Mississauga, Canada) to
the media at desired concentrations. Following incubation, the metal solution was
aspirated so that only bacteria adhering to the Caco-2 cell monolayer remained; the media
was replaced with metal-spiked media, final concentration of 5 mg/L (5 ppm). A higher
concentration was used in order to achieve a noticeable effect of mortality on the Caco-2
cell line. Control wells were maintained that contained no metal, no bacteria or both to
control for the effects of the metals and bacteria alone. Cells were incubated for 5 hrs in
metal spiked media at 37°C.
Following this incubation, mediumwas removed by aspiration and discarded.
Cells were washed once gently with warm HEPES buffer (pH 6.8) and then removed
from the wells using 500 µL of 0.25% (w/v) trypsin until cells detached from flask. Five
hundred µL of cell media were added to stop trypsin reaction and total volume of each
well was transferred into separate sterile 1.5 mL centrifuge tubes (Diamed® Mississauga,
Canada). The cell suspension was mixed by pipetting to avoid formation of bubbles, cells
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were diluted by a factor of 10 by suspending 50 µL of cells with 450 µL of Guava
Viacount® Reagent (Cat No. 4000-0041) in a clean sample tube, cells were stained for at
least 5 min. Stained cells were then analyzed for viability using the Guava ViaCount
Assay on the Guava EasyCyte Mini bench top flow cytometer. Cells were separated
based on viability, forming two distinct populations: live and dead. Populations were
analyzed and statistically compared using FlowJo (TreeStar™ Ashland, USA) analysis
software for flow cytometry data. The primary outcome was differences in cell viability
after exposure to metals in the presence or absence of lactobacilli.
2.7.2. Transwell Metal Transport Studies
The ability of metals to be transported across a Caco-2 cell monolayer and have
this transportation blocked or reduced by lactobacilli was examined using Transwell®
Permeable Supports (Costar®). Transwell inserts (12 mm, 0.4 µm polyester membrane)
were pre-treated by the addition of 100 µL of 50 µg/mL rat tail collagen to the insert,
inserts were air dried in the clean hood for 3 hrs or until all solution was dry. Following
drying, 1.5 mL of media added to the basolateral chamber and 0.5 mL of media added to
the apical chamber of the transwell plate, the wells were incubated overnight at 37°C.
The following day media in the apical chamber was aspirated and Caco-2 cells were
seeded onto the transwell insert at a concentration of at least 1x105 cells/mL. Viable cell
concentration was determined by counting cells on a haemacytometer (Assistent®) using
a trypan blue exclusion stain.
Cells were grown on the insert for two weeks until fully confluent. Monolayer
integrity was determined by measuring transepithelial electrical resistance (TEER) using
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a Millicell ERS® Volt-Ohm meter (Millipore™ Burlington, Massachusetts). Only
resistance values of 500 Ώ (Ohms) per well were accepted for use.
On day 14, once monolayer integrity was confirmed, media in the apical chamber
was removed and replaced either with new media containing lactobacilli strains of
interest (preparation of lactobacilli strains for addition to cell culture described
previously) or media without lactobacilli (control wells). Bacteria or controls and Caco-2
cells were incubated for 2 hrs at 37°C. Following incubation, media in apical chamber
was removed and replaced with Pb or Cd-spiked media at various concentrations, one
well was not spiked with metal to serve as a non-metal control. Cells were incubated with
metal solution for 5 hrs at 37°C. Following incubation, media from the apical chamber
and basolateral chamber was removed and placed into separate 1.5 mL conical tubes
(Diamed® Mississauga, Ontario). 20% nitric acid was added to sample tubes, to a final
concentration of 2%, to acidify the sample and samples were frozen until analysis.

2.8. Quantitative Real-Time PCR
2.8.1. RNA extraction and clean up
Caco-2 cells grown in a 12-well plate (Falcon) for two weeks were challenged with
lead (Pb) at 1 mg/L (1 ppm) for 6 hrs to stimulate production of resistance and
detoxification genes: cytochrome P450 3A4 (CYP3A4) and glutathione S-transferase pi
(GSTP1). Following the incubation period, media were aspirated off and 1 mL TRIzol
(Invitrogen Burlington, Canada) was added to each well and incubated at room
temperature for 10 min, then 200 µL of chloroform was added to each well. The solution
was mixed vigorously and incubated at room temperature for 10 min. The solution was
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then transferred into 1.5 mL centrifuge tubes and centrifuged at 12,000 x g for 20 min.
The upper aqueous phase containing RNA was dispensed into 500 µL amounts and
transferred to RNase-free microcentrifuge tubes. Five hundred and fifty µL of
isopropanol was added to each aliquot, vortexed and incubated at room temperature for
10 min. The sample was centrifuged at 12,000 x g for 20 min, the supernatant was
discarded and the pellet washed with 500 µL of 75% ethanol. The pellet was then dried
and re-suspended in 20 µL RNase-free H2O and kept at -80°C.
Contaminants were removed from the RNA using the RNeasy Mini Kit (Qiagen
Toronto, Canada) according to the manufacturer’s protocol. Flow through was collected
and stored at -20°C until use.
RNA products were viewed via electrophoresis in a 1% agarose gel using 1x
TBE, stained with ethidium bromide (0.5 µg/mL) and viewed under UV light in an Alpha
Imager (Alpha Innotech Corporation). The RNA concentration and quality was
determined by analysis through a biophotometer (Eppendorf) (RNA quality cut-off:
260/280 > 1.8; 260/230 >1.6).
2.8.2. Reverse transcription
Samples with RNA varying from 820 ng – 2 µg were used as a template for
reverse transcription PCR. Conversion to cDNA was done using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems™) with components listed in
Table 2.8. Ten µL of the RT master mix was pipetted into a well of a 96-well reaction
plate with 10 µL of RNA sample. The reactions were carried out in a Mastercycler
(Eppendorf) with the following program: initial step of 25°C for 10 min, followed by
37°C for 120 min, and a final step of 85°C for 5 min.
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2.8.3. Quantification of CYP3A4 and GSTP1 Expression
The cDNA samples were used as templates for real-time PCR analysis. Primers
included the control genes; glyceraldehyde-3-phosphate dehydrogenase (Applied
Biosystems, ID. Hs02758991_g1) and beta actin (Applied Biosystems, ID.
Hs01060665_g1) and target genes; cytochrome P450, family 3(CYP3A4) (Applied
Biosystems,ID. Hs00604506_m1) and GSTP1 (Applied Biosystems, ID.
Hs02512067_s1). All probes had the FAM™ reported dye. Probe-based gene expression
using TaqMan® custom probes was used to carry out in 20 µL reactions composed of: 20
µL Master Mix (TaqMan® Universal Master Mix, with UNG [Part # 4440040]), 1 µL 20x
primers and 9 µL of cDNA (concentration of cDNA 1-100 ng). All genes were analyzed
in triplicate for both biological replicates and technical replicates, and reactions were
carried out in 96-well reaction plates using the 7900 HT Sequence Detection System with
SDS 2.3 Sequencing Software (Applied Biosystems™) under the following program:
Stage 1, 50°C for 2 mins; Stage 2, 95°C for 10 mins; Stage 3, 95°C for 15 sec and 60°C
for 1 min, the program was run for 40 cycles.
2.8.4. Data Analysis
Analysis was carried out using RQ Manager 1.2 Data Analyzer (Applied
Biosystems™), genes were analyzed using the relative quantification method whereby
changes in gene expression in a given sample are compared to another reference sample
(untreated control) using the comparative CT method. This method compares the Ct
value of one target gene to another (using the formula: 2ΔΔCT) — for example, an internal
control or reference gene (e.g., housekeeping gene) — in a single sample. This is
beneficial as it improves throughput by reducing the number of wells needed to make a
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standard curve. In order for the comparative CT method to be valid, the efficiency of the
target amplification (gene of interest) and the efficiency of the reference amplification
(endogenous control) must be approximately equal.
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Table 2.8. Master Mix components for high capacity cDNA reverse transcription kit.
Component

Volume/Reaction (µL)

10x RT Buffer

2.0

25x dNTP Mix (100 mM)

0.8

10x RT Random Primers

2.0

Multiscribe™ Reverse Transcriptase

1.0

RNase Inhibitor

1.0

Nuclease-free H2O

3.2

Final Volume:

10
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2.9. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis
(EDX)
Bacterial samples were analyzed for their ability to bind and precipitate arsenic,
lead and cadmium. Bacterial cultures were grown for 20 hr at 37°C anaerobically.
Following growth, cultures were centrifuged as previously described and washed twice in
dH2O, and re-suspended to original volume in 50 mM HEPES buffer (pH 6.8). One mL
of bacterial suspension was diluted 10-fold into a metal-spiked HEPES buffer of lead,
cadmium or arsenic at 104, 56 or 37.5 mg/L (ppm) metal concentration respectively.
Samples were incubated for 30 min at 37°C, vortexed and passed through a 0.45 µm
nitrocellulose filter. The filters were air dried until all moisture had evaporated, then they
were coated with a 5 nm film of osmium tetraoxide using a osmium plasma coater
(Model# OPC 80T) in order to establish conductivity for SEM. Preparation of the
samples for analysis was conducted in a Class-10,000 clean room ensuring high sterility
and a reduced chance of sample contamination by environmental metals (University of
Western Ontario, Nanofabrication facility).
Imaging and analysis was carried out using a LEO 1540XB FIB lithography fitted
with an Oxford Instruments X-ray system. System settings including magnification,
intensity of electron beam, X-ray parameters and type of analysis were varied due to
differences in each sample analyzed, as well as differences in metallic properties. Briefly,
the energy of the beam was always in the range of 5Kv-25Kv in order to excite bound
metals as needed for EDX analysis. Magnification was adjusted depending on picture
image and quality, but it ranged from 10x to 1000x for close detailed analysis. Protocols
followed for EDX metal analysis used INCA® software and no alterations to the default
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work flow were applied. Analysis and spectrum verification of bound metals were carried
out also using INCA®. All imaging and analysis was carried out at the Nanofabrication
Facility, University of Western Ontario.

2.10. Transmission Electron Microscopy (TEM) and Ultra Thin Sectioning
In addition to SEM, which allowed detection of metals on the cell surface and
verify the identity of the bound metals, thin sectioning and TEM of L. rhamnosus GR-1
after it was incubated with metals was also performed. The organism was grown in MRS
medium at pH 6.0, then pelleted at 10,000 x g for 10 min. Cells were washed three times
in 50 mM HEPES buffer, then diluted 10-fold into a lead or cadmium solution at 20.7 or
11.2 mg/L (ppm) respectively 50 mM HEPES buffer and incubated for 5 hrs at 37oC.
Following incubation, the cells were pelleted and washed three times in sterile 50 mM
HEPES buffer, pelleted again, and re-suspended in 2% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.3. Samples were fixed overnight at room temperature, then cells
were washed in 0.1M cacodylate buffer, enrobed in 5% noble agar and dehydrated in
graded ethanol series for 10 min per concentration: 50, 70, 85, 95, and 100%. Cells were
infiltrated with a 50:50 LR White resin (London Resin Company Limited, England)
absolute ethanol mixture at room temperature for 30 min, then infiltrated with 100% L R
White for 3 hrs and with a second change of 100% L R White overnight. Samples were
embedded and polymerized at 60oC for 24 hrs, then thin sectioned on a Reichert OmU3
ultra microtome and viewed at 60 kV with a Philips EM410 TEM.
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2.11. Yogurt Production
A probiotic yogurt was produced that contained standard starter cultures, L.
delbreukii sub-species bulgaricus and S. thermophilus supplemented with two ‘probiotic’
strains that showed promise against metals, L. rhamnosus GR-1 and L. johnsonii 20553.
Standardized milk with 1% fat and 5% sugar was heat-treated at 87°C for 30 min to
denature whey protein, then cooled to 37°C. The milk was then inoculated with 4% of the
probiotic cultures and 2% of standard yogurt cultures. The cultures were mixed well in
the milk to ensure a uniform distribution of the organisms, then fermented at 37°C for 6
hrs, transferred to a refrigerator at 4°C and stored overnight. Following 24 hrs and 48 hrs
of storage, 1 g of product was taken and serially diluted in 1x PBS and drop plated on
bacteriological media agar in order to enumerate viable cell counts of cultures (66). The
yogurt was tested for taste and texture with members of the Reid lab.

2.12. Statistical Analysis
Statistical analysis was performed on all data from binding assays using the
GraphPad Prism ® 4 program. Differences between the means were compared using a
one-way ANOVA analysis with Tukeys post hoc test. Differences in binding were
considered significant with p values of < 0.05.
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CHAPTER 3
RESULTS

53
3.1. Lactobacilli Growth/Tolerance in Toxic Metal Containing Media
The first step in this investigation was to identify which Lactobacillus strains
were able to tolerate and grow in the presence of lead, cadmium or arsenic. All strains of
lactobacilli were able to tolerate the metals up to concentrations as high as 50 mg/L
(ppm), as shown for in MRS medium broth (Figure 3.1.A) with or without lead (Figure
3.1.B), cadmium (Figure 3.1.C) or arsenic (Figure 3.1.D) for 24 hrs. There was a small
reduction in growth of the lactobacilli grown in medium containing cadmium or arsenic,
indicated by a lower optical density (OD) at 600 nm wavelength and final colony forming
units (CFU) counts (Table 3.1). Growth of lactobacilli in metals was different compared
to their growth in MRS; however, all strains were still able to grow in the presence of
metals. This demonstrates that even in high metal concentrations the lactobacilli were
able to survive and grow. Growth was suppressed most notably in cadmium-containing
MRS, which resulted in lower CFU counts and an extension of the lag phase period of
growth before cells entered exponential phase. Lead containing MRS did not have an
impact on growth of the strains, apart from L. johnsonii 20553 there was not a noticeable
effect on the growth of the strains. In addition, in the arsenic-containing growth curve all
strains apart from L. casei 393T seemed to fail to enter an exponential phase of growth
compared to growth in MRS only.
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Table 3.1. CFU/mL counts for Lactobacillus species grown in MRS or MRS with toxic
metals 50 mg/L (ppm) after 24 hrs.
Species
L. rhamnosus GR-1

Metal
Lead
Cadmium
Arsenic
Control

CFU/ml
1x109
6x106
7x108
8x108

L. plantarum 14917T

Lead
Cadmium
Arsenic
Control

1x109
4x106
3x108
1x109

L. casei 393T

Lead
Cadmium
Arsenic
Control

1x109
5x106
4x108
9x108

L. johnsonii 20553

Lead
Cadmium
Arsenic
Control

8x108
8x106
1x106
9x108
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3.2. Metal Binding Assays
In order to assess the ability of lactobacilli to bind and absorb lead, cadmium or
arsenic, a binding assay was adapted in which the metals were added to a 50 mM HEPES
buffer at a concentration of 1 mg/L (ppm). The HEPES/metal buffer was either treated
with lactobacilli (1x109 CFU/ml) or left as an un-inoculated control. The results of the
binding assays at 1 mg/L are presented in Figures 3.2 A-C. Graphs are depicted as the
percentage of metal bound by each bacterial species. The higher the % bound the more
metal sequestered by the bacteria and removed from solution. Table 3.2 summarizes the
binding efficiencies of each Lactobacillus strain. The different Lactobacillus species have
different binding capabilities and vary in the total amount of each metal they can bind.
Lactobacilli do not appear able to bind or absorb arsenic well (p > 0.05); reduction in
concentration was not significantly different from the untreated control. All tested
lactobacilli were able to bind/absorb significant concentrations of lead and cadmium (p <
0.05), removing 40-70% of the metal depending on the strain (Table 3.2). There was not a
significant difference between species of lactobacilli in terms of metal binding efficiency
(p > 0.05)
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Figure 3.2.A/B. % of metals bound (A) lead and (B) cadmium after bacterial treatment.
Higher bars represent greater removal of metal from solution (Error bars ± SEM). ( * p <
0.05 compared to control)
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Figure 3.2.C. % of metal bound for (C) arsenic after bacterial treatment. Higher bars
represent greater removal of metal from solution. (Error bars ± SEM) (p > 0.05 compared
to control)
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Table 3.2. Binding efficiencies of lactobacilli species tested in respective toxic metal
containing solution. Percentage removed relates to the amount of test material that was
removed from solution and absorbed by lactobacilli.
Metal
Lead

Species
L. rhamnosus GR-1
L. johnsonii 20553
L. casei 393T
L. plantarum 14917T

% Removed
43
35
45
37

Cadmium

L. rhamnosus GR-1
L. johnsonii 20553
L. casei 393T
L. plantarum 14917T

60
23
72
68

Arsenic

L. rhamnosus GR-1
L. johnsonii 20553
L. casei 393T
L. plantarum 14917T

11
5
6
5
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3.3. Metal Binding Kinetics
The metal binding assays determined how effective the strains under study were
in binding and sequestering metals. Further experiments were undertaken to examine the
kinetics of metal binding, specifically how fast the reaction occurred and how long
lactobacilli strains could sequester metals from solution.
To establish the rate of metal uptake, L. rhamnosus GR-1 was incubated for 24
hrs in a lead or cadmium solution at a concentration of 50 mg/L or 25 mg/L (ppm),
respectively. A higher concentration was used to examine effects of saturation of binding
capabilities of the bacterial cell. Five mL samples from the solution were taken at time
points: 5 min, 10 min, 30 min, 1 hrs, 2 hrs, 5 hrs, 10 hrs and 24 hrs and analyzed for
metal concentration (Figure 3.3A). Early data time points indicate that there is immediate
binding of almost all metals tested to the bacterial cells, which may then dissociate back
into solution. After 2 hrs of incubation, the amount of both lead and cadmium bound
begins to plateau. Post 2 hrs there is no change in concentration in solution and there
appears to be no additional binding of metals by lactobacilli. L. rhamnosus GR-1 also
seemed to be able to bind more cadmium compared to lead based upon atoms bound over
the time periods of 2-24 hrs.
To supplement this observation, the ability of lactobacilli to bind both cadmium
and lead was examined in competition. The strains L. rhamnosus GR-1 and L. plantarum
14917T were incubated in HEPES buffer with lead and cadmium at a concentration of
1mM (Pb= 100 mg/L and Cd = 50 mg/L) for 48 hrs. Metal was added at equal milli
mollar (mM) to keep the total amount of metal equal as differences in metal atomic
weight effect concentration. As shown in figures 3.3. B/C both strains of lactobacilli were
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able to bind a significant amount of metal from solution removing about 25% of lead and
35% of cadmium simultaneously from solution. This process seemed to be near
instantaneous but limited as the concentration of metal removed remained constant from
10 min. to 48 hrs.

62

% Metal bound

100

Lead
Cadmium

75

50

25

0
0

50

100

150

200

700

1200

Time (mins)
Figure 3.3.A. Metal binding kinetic curve of L. rhamnosus GR-1 over 24 hrs. Initial
concentration of Pb = 50 mg/L and Cd = 25 mg/L. Values represent the % of metal
removed from solution by bacterial treatment.
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Figure 3.3.B. Cadmium binding kinetic curve of L. rhamnosus GR-1 and L. plantarum
14917T over 48 hrs. Values represent amount of metal removed from solution. Initial Cd
concentration = 50 mg/L (ppm).
40

L. rhamnosus GR-1
L. plantarum 14917T

% Metal Bound

35
30
25
20
15
10
5
0
0

25

50

1000

2000

3000

Time (mins)

Figure 3.3.C. Lead binding kinetic curve of L. rhamnosus GR-1 and L. plantarum
14917T over 48 hrs. Values represent amount of metal removed from solution. Initial Pb
concentration = 100 mg/L (ppm).
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3.4. Potentiometric Titrations
Following results from binding assays and kinetic trials, further investigations
were undertaken to determine why some toxic metals, such as arsenic, did not strongly
bind to lactobacilli. In addition, examination of mechanisms by which lactobacilli take
up/sequester metals was undertaken. It was hypothesized that differences in the charge of
the metal were the cause, as lead and cadmium are cationic elements whereas arsenic is
anionic. Bacterial surfaces are usually negatively charged and to confirm this for
lactobacilli potentiometric titrations of the relative charges of the cell wall were
performed. This also permitted an estimation of the number of reactive sites on the cell
wall that could interact with protons and cationic elements.
Following titrations, the bacterial surface of lactobacilli was found to have a net
negative charge. This was shown by the large buffering capacity that lactobacilli
contributed to the solution, which required addition of more acid to shift the pH in a
proportional distance compared to the normal buffer. In the presence of L. rhamnosus
GR-1, 1.2 mL of 1M HCL was needed to shift the pH from 5 - 2. However, in the blank
buffer only 300 µL of 1M HCl was needed. Thus, the presence of L. rhamnosus GR-1
increased the buffering capacity four-fold. This is likely due to additional negative sites
on the cell surface that are able to bind protons in solution. Figures 3.4.A/B depict the
titration curves and show the range of buffering capacity of L. rhamnosus GR-1
compared to a normal sodium perchlorate buffer. This verifies that the cell surface is
negatively charged as there was a greater absorption in protons and a delay in changing
the pH.
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Figure 3.4. Potentiometric titration of L. rhamnosus GR-1 (A) and sodium perchlorate
buffer (NaClO4) (B). Graph represents pH based on amount of acid (1M HNO3) or base
(1M NaOH) added to solution.
Red bracket in graph A highlights additional buffering capacity of L. rhamnosus GR-1
compared to the blank sodium perchlorate buffer.
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Using the data obtained from the titration of L. rhamnosus GR-1 compared to the
titration of the blank sodium perchlorate buffer, the total number of H+ atoms added to
solution was calculated. By comparing this value to the number of H+ atoms added to the
blank buffer, an estimate of proton numbers and hence buffering capacity of the addition
of L. rhamnosus GR-1 was determined. An example calculation on the following page is
shown for L. rhamnosus GR-1 using the data from titrations (Figures 3.4.A/B).
Determining the extra number of H+ molecules added to the L. rhamnosus GR-1 titration
allowed estimating the number of metal atoms that can potentially bind to the cell surface
and the number of reactive sites which are available for binding cationic metals. Using
the titration data, it was determined that there were approximately 3.24 x 1018 additional
reactive sites in solution when L. rhamnosus GR-1 was added. The bacterial
concentration in solution was 1x109 CFU/ml in a 100 mL solution which would result in
about 3.24x107 possible reactive sites per bacterial cell.
Because this analysis did not look at binding models or take into account accurate
analysis of absorption, this represents only a rough estimate to help explain what may be
occurring and not a concrete or absolute value.
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L. rhamnosus GR-1 Titration
1, 200ul = 1.2mls of 1M HNO3

(acid added during titration)

Initial pH= 5
Final pH= 2.3
Change in pH= 2.7

(shift in pH)

Concentration [H+] initial

= 10-pH
= 10-4.6 = 1.0x10-5 M

Concentration [H+] final =

10-pH
= 10-2.3 = 5.02x10-3 M

Change in Concentration [H+] = 5x10-3M

(Molar concentration change)

Moles H+ added= Concentration x volume
= 5x10-3 x .0012 L
= 6.2x10-6 moles H+ added to solution.
Molecules of H+ added = Moles x Molar constant
= 5.2x10-6 x 6.02x1023
= 3.61x1018

#molecules L. rhamnosus GR-1 Titration - #molecules in Blank
Titration
= 3.61x1018 – 3.66x1017
= 3.24x1018 molecules of H+ absorbed by L. rhamnosus GR-1.
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3.5. Autoaggregation
To further explain differences in the results of metal binding assays,
hydrophobicity properties of lactobacilli were examined. To confirm that lactobacilli
remained in solution making them biologically available to bind and sequester metals, the
extent of clustering was determined. Cells that aggregate and come out of suspension are
less likely to absorb metals present in the aqueous phase. Autoaggregation assays were
performed and an OD of 600 nm was used to measure the amount of aggregation. As
shown in figure 3.5 all species aggregated, with a higher index representing more
clustering together and sedimentation out of suspension. L. johnsonii 20553 was shown to
significantly aggregate (p< 0.05), almost an 80% index, while L. plantarum 14917T had a
low index of about 4%. This difference in aggregation may affect binding potential and
explain the differences in binding ability between different bacterial strains.
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Figure 3.5. Aggregation index of lactobacilli species. High aggregation indexes represent
organisms that clustered together and precipitated out of solution. Control sample is MRS
media with no bacterial culture (Error bars ± SEM) (* p < 0.05 compared to control)
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3.6. Metal Binding Mechanism
In order to understand the mechanism behind removal of metals from solution, the
physical properties of the bacterial cell were examined to determine what mechanism(s)
was responsible for sequestering metals. Specifically, the intent was to assess if this
process was an active response whereby the cell senses the metal and responds, or a
passive action where binding occurs passively and does not require an actively
metabolizing cell.
To test this hypothesis, three courses of action were taken: i) examining the
binding potential of heat-killed cells compared to viable cells ii) examining the binding
potential of gamma-irradiated cells compared to viable cells, and iii) examining the
binding potential of cells treated with a proton motive force inhibitor, sodium azide,
compared to untreated cells. These treatments were designed to determine if there were
any differences in metal binding when a cell was inhibited or dead as well as reveal more
evidence as to if this process is occurring at the cell surface (dead cells) or an active
response (viable cells).
3.6.1. Heat Treatment
The initial test examined if cells that were heat-treated had any differential ability
to bind toxic metals compared to live, untreated cells. Boiling is a quick and effective
way to kill bacterial cells but it has been shown to alter cell surface structure by releasing
proteins and damaging the membrane and cell wall. Figure 3.6.A shows the results of the
heat-treatment experiment. There was not a significant change in the amount of lead
(p=0.1944) and cadmium (p=0.1900) bound by non-viable or viable L. rhamnosus GR-1.
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A.

B.

Figure 3.6.A/B. Metal binding for live vs. heat treated cells. % Metals bound for (A)
cadmium and (B) lead by L. rhamnosus GR-1. Clear bars represent untreated (viable)
cells and red bars represent heat treated cells. Initial metal concentration 1 mg/L (1ppm)
for Pb and Cd (Error bars ± SEM) (p > 0.05)
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3.6.2. Gamma Irradiation
Further to heat treatment testing, gamma radiation was also used as it is able to
effectively kill bacterial cells but does not alter the cell surface or structure unlike heat
killed cells by boiling. As the integrity of the cell structures is likely to be preserved by
this treatment, it allows experimental comparisons of the potential to bind metals to the
exterior of a non-viable cell.
Figure 3.6 shows the four strains of lactobacilli incubated in solutions containing
lead (3.6 C) or cadmium (3.6 D) following dosage with gamma radiation or left untreated.
Gamma irradiation had a varied effect on the ability of a cell to bind metals. With lead,
gamma irradiation significantly decreased the amount of metal bound by L. rhamnosus
GR-1 and L. casei 393T but, significantly increased (p < 0.05) the amount of metal bound
by L. plantarum 14917T. In the cadmium binding condition, gamma irradiation
significantly increased (p < 0.05) the amount of metal bound by L. plantarum 14 917T
but did not have any other effects. All species whether viable or gamma irradiated bound
significant amount of metal (p < 0.05) compared to the control
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Figure 3.6.C/D. % metal bound by lactobacilli that were untreated viable cells (clear
bars) or gamma irradiated (red bars) for both (C) lead and (D) cadmium
(Error bars ± SEM)
(* p < 0.05 for samples compared to control)
(** p < 0.05 for samples compared to each other)
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3.6.3. Proton Motive Force Inhibition
A final experiment was conducted to aid in determining the necessity of cell
viability and metabolism in metal binding. The effect of adding a proton motive force
inhibitor, sodium azide, to lactobacilli prior to metal binding trials was tested. Sodium
azide inhibits buildup of protons on the cytoplasmic membrane; protons may compete
with metals for binding sites on the cell surface. Eliminating the proton reservoir may
allow more metals to bind to the cytoplasmic membrane and help determine whether
metal binding is occurring on the cell surface. In addition, shutting down the proton
motive force of the cell will reduce its metabolism and thus allow comparison to
untreated cells to determine if there was a change in metal binding ability due to an active
response.
Figure 3.6.E/F depicts the percentage of metal removed from solution that has
been bound by the cells in solution. Addition of sodium azide did not significantly
increase the amount of lead or cadmium bound to the bacterial cells (p > 0.05). The
amount of metal bound was equal between untreated and treated cells, all cells bound
significant amounts of metal compared to the control (p < 0.05).
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Figure 3.6.E/F. % metal bound by lactobacilli that were untreated viable cells (clear
bars) or treated with sodium azide (red bars) for both (E) lead and (F) cadmium
(Error bars ± SEM) (* p < 0.05)
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3.7. Specificity and Effectiveness of Toxic Metal Binding by Lactobacilli
To understand how effective the use of lactobacilli could be in binding metals as a
possible form of treatment or prevention against metal toxicity, further studies were
carried out using Gram-negative clinical E. coli isolates (Co1 and 25922). L. rhamnosus
GR-1, E. coli Co1 and E. coli 25922 were added to growth media containing either lead
or cadmium at 1 mg/L (1ppm). The amount of metal detected remaining in solution was
determined and used to determine the % of metal bound by each species. Figure 3.7.A/B
shows that L. rhamnosus GR-1 was able to bind significantly more lead and cadmium (p
< 0.05) than both E. coli strains. L. rhamnosus GR-1 was able to remove 78% and 68% of
lead and cadmium from solution, respectively. E. coli Co1 was only able to remove and
25922 were able to remove 15% and 22% of lead and cadmium from solution,
respectively. E. coli 25922 was able to remove 45% and 58% of lead and cadmium
respectively.
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Figure 3.7. Binding and sequestering of the metals lead (A) and cadmium (B) by L.
rhamnosus GR-1 compared to two E. coli strains from aqueous solution (Error bars ±
SEM) ( p < 0.05)
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3.8. Confirmation of Metal Sequestration by Lactobacilli
Lactobacilli were shown to bind metals and sequester them for longer than 24 hrs,
and they were shown to be able to bind equal amounts of metal from solution
independent of viability. However, definitive determination of the mechanism, either by a
passive cell surface reaction or an active uptake of metals into the cell was not
established. Using SEM and EDAX I was able to show that lactobacilli bound both lead
and cadmium. The metals formed microparticles on the cell surface (Figure 3.8 A/B/D).
Many small clusters of metal precipitates were localized and did not evenly cover the cell
surface. In addition, the metals seemed to be both on the surface and inside the cell.
EDAX analysis (Figure 3.8 C/E) confirmed that the minerals were composed of the
added toxic metals by registering detection of lead and cadmium atoms in the sample.
Different energy signatures were detected for lead and cadmium. This occurs because of
differences in the energy of the electron depending on the orbital from which it is excited.
This is why in the X-ray spectrums more than one lead or cadmium signature was
detected.

79

Figure 3.8.A. Scanning electron micrograph of L. casei 393T. Bright regions highlighted
by arrows show precipitation and formation of cadmium particles both on the cell surface
and interior of the bacteria.
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B.

C.

Figure 3.8.B/C. EDAX analysis of Cd treated sample. (B) Scanning electron micrograph
of L. casei 393T with formation of a cadmium precipitate. (C) X-ray analysis of the
particle confirms particle is made of cadmium and not another metal.
Table 3.8.A. Atomic % and weight % of elements detected by X-ray analysis in Cd
sample. Low atomic % of cadmium corresponds to the low amount of metal added
compared to native elements in sample.

Element

Weight%

C
O
P
S
K
Y
Cd

53.06
17.42
8.03
2.98
4.50
10.53
3.48

Atomic%
72.14
17.78
4.24
1.52
1.88
1.93
0.51
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D.

E.

Figure 3.8.D/E. EDAX analysis of Pb treated sample. (D) Scanning electron micrograph
of L. casei 393T with formation of a lead precipitate. (E) X-ray analysis of the particle
confirms particle is made of lead and not another metal.
Table 3.8.B. Atomic % and weight % of elements detected by X-ray analysis in Pb
sample. Low atomic % of lead corresponds to the low amount of metal added compared
to native elements in sample.

Element

Weight%

C
O
P
S
Y
Pb

30.39
12.82
6.58
3.53
17.63
29.04

Atomic%
63.37
20.08
5.32
2.76
4.97
3.51
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3.9. Transmission Electron Microscopy (TEM) and Ultra Thin Sectioning
Lactobacillus rhamnosus GR-1 was analyzed for its ability to take up lead and
cadmium into the cell as a form of metal sequestration and detoxication. Following 5 hr
incubation in HEPES buffer containing 0.1mM of lead, cadmium or a no metal control
the presence or absence of metal particles in the cell were visualized. L. rhamnosus GR-1
was found to have colloidal cadmium in the cell interior; two precipitate structures were
seen in the micrographs of the cadmium condition (Figure 3.9C). There was no uptake or
precipitation of lead into the cell interior by L. rhamnosus GR-1; TEM micrographs of
lead-exposed cells looked near identical to control cells showing that uptake was not
occurring.
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A.

Figure 3.9.A. TEM micrograph of L. rhamnosus GR-1 thin section, non-metal control.
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B.

Figure 3.9.B. TEM micrographs L. rhamnosus GR-1 thin section in 0.1mM lead.
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C.

Figure 3.9.C. TEM micrographs of L. rhamnosus GR-1 thin section in 0.1mM cadmium.
Note formations of tiny dark precipitates (highlighted by arrows) in the cell.
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3.10. Quantitative-PCR CYP3A4 Induction by Lactobacilli and Toxins
The expression of detoxication-related genes expressed by a Caco-2 cell line was
analyzed to determine the molecular effects of adding metals, lactobacilli or a
combination of both on the cell line.
Using the relative quantity (RQ), it was possible to compare the gene expression
of CYP3A4, one of the most important enzymes in xenobiotic metabolism. The addition
of L. rhamnosus GR-1 or 1 mg/L (1ppm) lead did not have a significant effect on
expression of CYP3A4 (p = 0.2111). Interestingly, the combination of L. rhamnosus GR1 and 1 mg/L (1 ppm) lead increased CYP3A4 expression by about 40%. However, none
of these effects were found to be statistically significant compared to the control
(P=0.2111).
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Figure 3.10. Relative Quantity (RQ) of CYP3A4 gene expression by the Caco-2 cell line
after exposure to environmental stimuli. RQ value expresses the relative amount of gene
expression, changes in expression are compared to the control (RQ=1) (p = 0.2111)

88
3.11. Caco-2 Cell Toxicity Protection Assay
A major interest of this study was to gather preliminary evidence on a possible
role of using lactobacilli to bind and remove metals and promote health. A Caco-2 cell
line was used to determine if lactobacilli could be successfully applied and to cell culture
(as a model of in vivo occurrences) to block toxic effects of lead, cadmium or arsenic and
reducing mortality of the cell population.
The Caco-2 cell line was challenged with the lead, cadmium or arsenic, either
alone or with lactobacilli to act as a protective agent. Viability of the Caco-2 cells was
analyzed after 5 hrs using a Guava® flow cytometry.
Cadmium (3 mg/L) had a potent negative effect on cell viability resulting in
increased mortality compared to the untreated control population (Figure 3.11 B) By
comparing panels A and B (Figure 3.11) it can easily be seen that there is a drop in
viability and an increase in mortality when cadmium is added to the cell population. Pretreatment of the Caco-2 cell line with 1x106 CFU of L. plantarum 14917T was able to
reduce mortality by about 20% appearing to protect the cell line from the negative effects
of cadmium (Figure 3.11 D). By directly comparing panels B and D it can be seen that
even when cadmium was added at equal concentrations the presence of L. plantarum
14917T reduced the amount of mortality of the cell population. In addition, L. plantarum
14917T did not have any apparent negative effects on the cell line, as indicated by no
decrease in viability (Figure 3.11 C).
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A.

B.

C.

D.

Figure 3.11. Flow cytometry analysis of Caco-2 cells examining viability to determine
toxic effects of metals and protective role of lactobacilli. (A.) % viability in untreated
population (B.) % viability in cadmium treated population (C.) % viability in L.
plantarum 14917T treated population and (D.) % viability in cadmium treated population
supplemented with L. plantarum 14917T.
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3.12. Caco-2 Cell Metal Translocation Study
The ability of the gut to absorb metals provides the means for metal entry and
toxicity. To examine if probiotic lactobacilli were able to bind metals when in a mixed
culture with Caco-2 cells, a transwell system was employed. The Caco-2 cell monolayer
was grown until confluent on an insert; once confluent, two separate chambers are
created: an apical (top) and basolateral (bottom). This represents a rudimentary model for
the transport of metals across intestinal epithelial cells from the GI lumen (apical
chamber) into the body (basolateral).
The amount of transport across the Caco-2 cell monolayer was measured after 5
hrs of incubation in a 5 mg/L (5 ppm) lead or cadmium solution in the presence and
absence of L. rhamnosus GR-1 (1x106 CFU/ mL). Following the incubation period, the
amounts of lead and cadmium in both apical and basolateral chamber were measured.
The concentration of lead and cadmium in both chambers was compared between wells
pre-treated with L. rhamnosus GR-1 and un-treated control wells. In the presence of L.
rhamnosus GR-1 significantly less lead and cadmium (p < 0.05) was detected in the
basolateral chamber of the trans-well system (Figure 3.12). There was not a significant
difference in the concentration remaining in the apical chamber (p > 0.05).
It is important to note full detection of initial metal concentration was not
reported. Differences in metals detected are due to metal bound to the bacterial cell wall,
the Caco-2 cells and absorption to the plastic wells of the trans-well plates.
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Figure 3.12. Concentration of lead or cadmium detected in apical and basolateral
chamber of the Caco-2 transwell system. Graph represents amount of lead and cadmium
detected in both chambers (mg/L) after 5 hrs incubation.
Control well was media with no added metal.
Initial metal concentration added to apical chamber for Pb/Cd = 5 mg/L ( * p < 0.05)
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3.13. Gut Microbiota and Chemostat Analysis
Using 16s rRNA and Ion Torrent sequencing, the gut microbiota of two healthy
males as well as the microbiota of a chemostat were assessed. There was a large
difference in the microbial composition (species and abundance) between the two human
gut microbiota (Figure 3.13 A). While there was some overlap of detected species
between the two samples, the core microbiotas were largely different. Overall, 34 OTUs
were matched some sequences accurately down to the species level.
Analysis of the chemostat community showed that the pesticide malathion did not
appear to significantly alter microbiota species and abundance profiles. There was not a
significant change in the microbial fraction after addition of the pesticide on days 2, 3 and
4 (Figure 3.13B). Of interest, the post-malathion treated feces were distinctly green in its
colouration, raising the question of whether metabolites became altered with pesticide
exposure. Composition of the chemostat community was different than the two human
fecal samples, as the donor of the chemostat sample was not one of the two who provided
the samples for sequencing.
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Figure 3.13.A. Gut microbiota composition of 2 subjects recruited for microbiota
analysis, as determined through 16S rRNA sequencing by Ion Torrent. Each column
represents a participant with each coloured bar representing a type of bacteria matching
description to the right. Gut 1 sample was from a 24 year old male and Gut 2 from a 55
year old male.
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Figure 3.13.B. Microbiota of the gut chemostat vessel. Every bar represents a day of the
trial (1-13) and every colour represents a different bacterial species. On days 2, 3 and 4,
the pesticide was added to the chemostat. Day 12 was omitted due to poor amplification
of the sample.
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CHAPTER 4
DISCUSSION
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4.1. Lactobacilli Toxic Metal Tolerance and Detoxication Potential
To our knowledge, this is one of the first investigations concerning the use of
food-grade organisms and probiotic bacteria to bind and remove metals from solution. A
potential protective effect of lactobacilli on a gastrointestinal cell line against metals was
also shown. Food and probiotic lactobacilli strains were able to tolerate high
concentrations of metals, bind and sequester these metals and reduce mortality of Caco-2
cells. These results suggest that the gut microbiota, and specifically strains within the
genus Lactobacillus, could play a role in the bioabsorption of metals in the intestine by
binding these metals and preventing uptake by the host.
It is interesting to consider the ability of lactobacilli and probiotic organisms to be
able to tolerate and grow in the presence of toxic metals. The metals we examined, lead,
cadmium and arsenic, are by all definitions considered highly toxic and lethal at high
concentrations. In our study, all lactobacilli examined had the ability to tolerate and grow
in concentrations as high as 50 mg/L which is about 5,000 times higher than the
recommended level of arsenic in drinking water for human consumption (44). While all
bacterial strains grew in culture media containing toxic metals there was a slight
inhibition of growth, observed by lower OD readings in the metal conditions compared to
strains grown in MRS only. Bacteriological cell counts also showed that the presence of
metals decreased bacterial counts by 2-3 fold. L. johnsonii 20553 was shown to be the
most sensitive to all toxic metals as cell counts were the most reduced compared to
growth in MRS. However, L. johnsonii 20553 was shown to be able to sequester large
amount of lead.
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None of the lactobacilli strains tested seemed to be affected by the presence of
lead. However, cadmium and arsenic had varying effects on viability as cell counts after
24 hrs of growth were 2-3 logs less compared to when the strains were grown in
untreated MRS. The rate of growth for lactobacilli was slower in metals and final culture
concentration did not equal OD readings of cultures grown in MRS (Figures 3.1 A-D).
This shows that while lactobacilli have the ability to tolerate metals at detrimental levels
to humans, they need to expend energy on activation of mechanisms and pathways that
allow tolerance of these metals.
Many mechanisms related to microbial tolerance of metals are known to exist.
Microbial resistance pathways to metals are well defined in environmental bacteria and
include: alteration of the cell wall components, efflux pumps, and binding/sequestration
of metals into particles both on the cell surface and intracellularly (29, 108). The ability
to tolerate metal elements is important, as some metals such a lead, cadmium and arsenic,
along with others not discussed in this thesis, have no physiological beneficial functions
for bacteria. These metals have been shown to cause deleterious effects such as damaging
DNA, inhibiting protein synthesis and competition for enzymatic reactive sites (87, 96).
Bioinformatic analysis of known genes that encode metal resistance pathways was
performed on L. rhamnosus GR-1 and closely related genomes. Transcriptional responses
to lead, cadmium or arsenic specifically were not able to be confirmed, however, the
presence of numerous genes shown to be related to metal resistance in the studied
organisms demonstrated the capability to tolerate metals. This may provide some
explanation as to why the strains were able to grow in the presence of metals. Reports
from other research groups have shown that metal resistance is widespread amongst
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many bacterial families, likely a reflection of environmental exposure to metals forcing
evolutionary adaptation in the organisms (80).
It is postulated that the lactobacilli strains tested here employ resistance
mechanisms that primarily bind and sequester metals into particles that are less dangerous
for the cell. Binding of metals on the cell surface or inside has been reported for many
bacteria, including those used in bioremediation of environmentally contaminated sites
(120, 147). To confirm that the strains tested here were binding and sequestering toxic
metals and not activating a different resistance pathway, metal binding assays were
performed. This was to determine if lactobacilli placed in a solution containing the toxic
metals including lead, cadmium or arsenic could reduce the metal concentration after a
treatment period compared to an untreated control.
After a 5 hr incubation period, the tested strains had the ability to remove
significant amounts of both lead and cadmium from solution (Figure 3.2 A/B). The
lactobacilli tested were also able to bind arsenic, although its removal was not as dramatic
as compared to those of the lead and cadmium trials. After 5 hrs of incubation, all strains
removed approximately 25-70% of the lead or cadmium in solution, while arsenic was
limited to 10% removal, indicating metal binding specificities. Others attempting to use
lactobacilli to bind arsenic have also noticed a low binding efficiency (62). It was
speculated that differences in binding abilities was due to cell surface properties of
lactobacilli with regards to charge between the metal compound and the surface charge of
the bacterium.
Although the efficiency of metal removal was overall similar to the other studies,
other groups used concentrations much higher than would be found in vivo. This suggests
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that the present study is more applicable to the use of lactobacilli as a detoxication tool in
the human gastrointestinal tract because the concentration of 1 mg/L (1ppm) used in the
majority of our studies is more comparable to normal human exposure concentrations.
The binding of metals to lactobacilli was shown by both metal quantification and
visualization. While other studies have shown the ability of lactobacilli to bind metals,
this is the first study to use microscopy and X-ray technology to verify where binding is
occurring and document that the metals are attached to the bacterial cell. Using SEM with
a backscatter detector, metals in solution were detected (Figure 3.8 A). When excited by
electrons, heavier elements shine brighter due to excitation and release of energy.
Interestingly, the metals did not appear to be coating the bacterial surfaces evenly, nor
were they formed on every bacterial cell. Instead, the metals formed small microparticles
that ranged in size and were clustered together in some instances or spread out on the
bacterium in others. Formation of these interspersed particles seems to be a common
phenomenon with no clear explanation why precipitation occurs in such a fashion (102).
X-ray detection was used to confirm that these metal precipitates were the metals
of interest (lead and cadmium). Using the unique electron profile of each element it was
possible to identify the elements in the sample and to confirm the identity of lead and
cadmium. EDAX and the corresponding spectrum analyses showed specific areas densely
packed with metals. The spectrum of elements in a particular region usually consisted of
organic elements, mainly carbon and phosphorus. Analysis of the bright microparticles in
the toxic metal-treated samples confirmed the presence of either lead or cadmium. The
percentage of metals detected was very low due to metal only being added in the ppm
range, much lower than the other atomic material in the sample. This technology allowed
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confirmation of metal binding in a particular region. The acquired images further support
the theory of strong binding of metals by lactobacilli and suggest nucleation sites on the
cell surface allow formation of large metal precipitates (16) (Figure 3.8 B/C and D/E).
Whilst technology is useful in visualizing metals and confirms that lactobacilli
bind lead and cadmium in solution, SEM was not able to determine if these
microparticles were on the cell surface or in the interior of the cell. At the energy used to
excite electrons (15Kv), there is a possibility of exciting electrons inside the cell just not
at the cell surface.
To determine if metals were precipitating inside the cell, TEM was performed on
ultra thin sections of L. rhamnosus GR-1 exposed to both lead and cadmium. Formation
of colloidal cadmium particles inside the cell of L. rhamnosus GR-1, but not for lead, was
observed (Figure 3.9 B and C). In the cadmium-exposed bacteria two small dense
precipitates, believed to be cadmium, were formed. Similar precipitation of interior micro
particles has been shown in B. subtilus using gold (146) and in other Lactobacillus
species with cadmium (118). Clearly, formation of intracellular metal particles is a
widespread phenomenon that could play a role in metal resistance as these large insoluble
metals are less dangerous to the cell. Mechanisms such as clustering metals with sulphur
rich proteins (such as metallothionien) or segregation into vesicles have been proposed.
The uptake of large amounts of metal into the cell suggests that L. rhamnosus GR-1 could
be used as a metal detoxifier.
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4.2. Detoxication Kinetics: Where is the Metal Going?
Initial studies allowed the verification that lactobacilli were able to tolerate and
grow in the presence of toxic metals, and bind and remove metals from solution. The next
step was to determine how this mechanism was occurring and why lactobacilli were not
able to bind arsenic from solution. It was also important to address how lactobacilli were
interacting with metals. As lactobacilli are an important component of the gut microbiota,
understanding how they bind and respond to metals can provide valuable information on
how humans tolerate metal exposure. In addition, it was postulated that the application of
lactobacilli in food could be used to reduce heavy metal absorption in the gut.
It has been reported that if bacteria reduce metal concentration in solution over
time, bacteria are sequestering the metal (91). For example, a bacterium with efflux pump
capability for metals would initially decrease the concentration in solution then return it
to initial levels once the enzymes were fully activated. In contrast, if a bacterium binds
metals to its cell surface a rapid decrease in concentration in solution would occur. This
can either continue until all the metal from solution is bound or it may plateau at a certain
concentration if the cell surface becomes saturated and cannot absorb any more metal.
A time course experiment was conducted for L. rhamnosus GR-1 and L.
plantarum 14917T in a lead and cadmium solution to determine the kinetic relationship to
metals in solution. Over a 24 or 48 hr time course it was observed that in either cadmium
or lead containing solutions the addition of lactobacilli resulted in a rapid decrease in
aqueous metal concentration within the first hour. By 2 hrs, the amount of metal in
solution remained constant, which is an indication of cell saturation with metals.
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Interestingly the total amount of metal removed differed between metals, although
they were added at the same concentration, as seen by the kinetic curve (Figure 3.3 A).
There was a significant difference in the amount of cadmium vs. lead remaining in
solution over all time points. This data suggest that the initial rapid decrease in metal
concentration is because of interaction with the cell surface of the bacteria. After
observing the the plateau effect it was concluded that the cells can tolerate only a certain
concentration of metal, after which they become saturated. This may explain why in
metal binding studies, 100% removal was never achieved.
Rapid binding occurring at the cell surface warranted the examination of the
surface properties of lactobacilli. It is well documented that bacteria have a net negative
surface charge (106). This is due to functional groups on the cell surface including
hydroxyl, phosphoryl and carboxyl groups. Toxic metals have different charges; lead and
cadmium are cations while arsenic is an anion. Therefore, the surface charge of bacteria
can effect which molecules can easily interact with it or be repelled. As arsenic is an
anionic metal it was thought to be less attracted to the similarly charged lactobacilli cell
surface, thus explaining why binding was not as high as with lead and cadmium.
To confirm the net negative charge of lactobacilli a potentiometric titration of L.
rhamnosus GR-1 was conducted, which examined the amount of acid or base required to
get a pH change from 2-10. By comparing differences in amount of acid added to get a
proportional shift in pH in the absence or presence of L. rhamnosus GR-1, the relative
surface charge of the species was determined to have significant buffering capacity in the
range of pH 4-2. In this range, the pKa of the functional groups such as carboxyl’s and
hydroxyls is uncharged so they are able to accept protons (or other cationic species)
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(167). Lactobacillus rhamnosus GR-1 when in buffer required three times the amount of
acid to get an equal shift in pH as the control, thus confirming net negative surface
charge.
It is likely that the net negative charge inhibited anionic arsenic binding to the cell
surface but aided cationic lead and cadmium binding. Others have found that by doing
similar titrations the cell surfaces of Gram positive bacterial species such as Bacillus are
negative (46). In addition, they showed that the pH affects the charged state of functional
groups, which directly correlate with the amount of metal that can be bound to the cell
surface. This was also shown in lactobacilli where changes in pH affected metal binding
abilities (134). Thus, alteration of the pH environment can affect metal binding and may
play a role in sequestering metals during gastrointestinal transit.
Additional experiments were designed to test if metal binding required a viable
cell and if metal binding was affected by the proton motive force of the cell. It was
considered that if metal binding was occurring on the cell surface then a non-viable cell
would be just as effective at sequestering metal as viable cells. The effects were tested
against healthy intestinal cells for heat-killed bacteria, gamma-irradiated cells and
organisms treated with sodium azide, a proton motive force inhibitor (Figure 3.6 A-F).
Bacterial cells killed by heat and gamma irradiation were not impaired in their
metal binding ability. L. rhamnosus GR-1 was shown to bound equal amounts of lead and
cadmium whether viable or heat treated. Interestingly, L. rhamnosus GR-1 and L. casei
393T bound more lead when viable compared to when gamma-irradiated. However, L.
plantarum 14917T bound more lead and cadmium after treatment with gamma radiation.
Thus, it appears that viability was not an essential factor for metal binding apart from L.
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rhamnosus GR-1 and L. casei 393T when binding lead, in all other conditions metal
binding was equal between treated and untreated strains. This evidence strongly suggests
that metal binding and sequestration primarily on the cell surface through a passive
process and possibly entry into the cell through non specific cationic transports.
The effect of inhibiting the proton motive force (PMF) of lactobacilli was
investigated to further confirm that binding is occurring at the cell surface mainly by
cationic metals interacting with function groups. The addition of sodium azide to
lactobacilli did not significantly increase the amount of metal bound by the bacterial
cells. By removing extra protons on the cell surface, which neutralize the net negative
cell surface and bind reactive sites to which metals normally would bind, it may be
possible to improve the metal binding efficiency of lactobacilli. Others have stated the
need for reactive sites on the cell surface to act as nucleation points for metal binding
(109). While inhibiting the PMF of lactobacilli did not significantly increase the amount
of metal bound it also did not impede it. The amount of metal bound was equal between
viable and treated cells, this was in contrast to the expected result of increased metal
binding in treated cells. However, it still does show that this process is likely not an
active response, by taking away the proton gradient of the cell and its ability to produce
ATP the cell had less energy to expend on metabolism. This shows that binding is likely
a natural interaction and not an active uptake or response.
These experiments show that lactobacilli if used as a treatment for metal toxicity
would be effective at binding metals independent of viability. This is interesting as most
probiotics do not colonize or survive transit through the intestinal pathway (101). Thus,
the potential addition of lactobacilli to combat metal toxicity would not necessarily be
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dependent on viability. The studies indicate that the strains of lactobacilli tested that were
not metabolically active were able to bind metals comparable to their viable counterparts.
While the cells may be reacting to the presence of lead or cadmium in different
mechanisms as well, for example expression of cad operon related to cadmium efflux, the
lactobacilli appear to be binding the toxic metals on the cell surface or sequestering them
intracellularly as well. Therefore, the addition of lactobacilli to the intestinal environment
could improve the detoxification of metals by providing additional sites for metals to
bind.
In order to determine differences in metal binding between strains, aggregation
studies (Figure 3.5) were conducted to examine hydrophobic properties of the cells. L.
johnsonii 20553 had a high aggregation index of 80%, compared to all other strains with
30% or less. However, Halttunen et al. (60) showed that hydrophobicity did not have a
negative correlation with metal binding ability, thus aggregating strains bound equal
amounts of metal. It was also shown that mixing of strains was less efficient at removing
metal than by pure culture. Therefore, although L. johnsonii 20553 was not able to bind
as much lead and cadmium compared to other examined lactobacilli, aggregation may not
be the reason for this.
The ability of lactobacilli to bind lead and cadmium was compared against two E.
coli isolates, Co1 and 25922 (ATCC). L. rhamnosus GR-1 was able to bind significantly
more lead and cadmium then either E. coli strain. This is an interesting finding as
previous studies have shown that E. coli K-12 is more resistant to cadmium then Grampositive species and it had good binding capabilities (88). While two different strains
were used in this study, which could have significant effects on resistance mechanisms,
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the results showed that lactobacilli had stronger affinities for metals than did E. coli. An
explanation for contrasting results would be that due to differences in the outer cell wall
between Gram positive (lactobacilli) and Gram negative (E. coli), metals were not able to
bind as effectively to E. coli cell membranes. This could be due to the presence of
lipopolysaccharide (LPS) on the outer surface of Gram negatives, which may have
different reactive sites than the classical carboxyl and hydroxyl groups exposed on the
cell wall of lactobacilli and Bacillus organisms that have been shown to play a role in
metal binding (15, 16). Another possible explanation is that our E. coli strains have
developed unique resistance mechanisms to lead and cadmium due to efflux, not binding
and sequestration (166). E. coli has been a model organism used to study arsenic efflux
(25), though it is possible these species have also developed efflux pathways for other
metals.

4.3. Lactobacilli Beneficial Effects and Human Application
Studies have shown the ability of lactobacilli to bind metals, but no study has
addressed if this ability is of therapeutic potential. A Caco-2 cell line model was used to
examine the ability of lactobacilli to protect against exposure to toxic metals. A transwell
system with a Caco-2 cell monolayer was employed and the ability of lactobacilli to
block transport of metals across Caco-2 monolayers was investigated. The Caco-2 cell
line is well characterised for colon and intestinal barrier studies (68); thus, applying this
model to toxic metals provides a good first in vivo step It is also a good model for
cadmium, which has been shown in cell culture and in vivo to have negative effects on
epithelial viability and structure (20).
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Flow cytometry was used to quantify the viability of toxic metal treated Caco-2
cells. Four populations of Caco-2 cells were analyzed to allow a total comparison of what
occurs during metal exposure: (i) non-treated control cells, (ii) cells exposed only to
metal, (iii) cells exposed only to lactobacilli, and (iv) cells exposed to metal and
lactobacilli. Lead did not appear to have an effect on the viability of the Caco-2 cell line;
thus, its testing was ceased. Arsenic was lethal against Caco-2 cells; however, lactobacilli
were not able to consistently or significantly sequester it in high enough levels to
translate to a quantifiable protective effect.
Further investigation, therefore, focused on cadmium toxicity and protection.
Cadmium at a concentration of 5 mg/L was lethal to the Caco-2 cells (Figure 3.9).
However, pre-treatment of the Caco-2 cell monolayer with lactobacilli, specifically L.
rhamnosus GR-1, L. plantarum 14917T and L. casei 393T, resulted in protection. In all
instances, pre-treatment with lactobacilli reduced the mortality of the Caco-2 cell line by
50% compared to when the cells were exposed only to metal. This showed that cadmium
is toxic to intestinal epithelial cells resulting in cell death and destruction of monolayers.
Degradation of monolayer integrity can lead to a multitude of adverse effects for the host.
The assays also showed that lactobacilli can bind metals in a more complex system than
just aqueous buffer. Presumably it was the strong and efficient binding of metals by
lactobacilli that prevented cadmium from being up taken by the Caco-2 cells and thus
protected them from damage and death.
In the human intestinal tract the presence of commensal bacteria including species
of Lactobacillus may be playing an important role in binding these metals and preventing
their absorption. In addition, the protection of the intestinal epithelial layer is important
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for prevention of increased toxin and pathogen translocation (45, 97). Lactobacilli are
known to be able to enhance intestinal barrier function (104). The non-pathogenic nature
of lactobacilli thereby represents a potentially safe and practical way to sequester metals
ingested in food (76). The fact that two of the lactobacilli strains tested here were found
to produce an edible yogurt, provides the first proof-of-principle in the development of a
food that could be ingested at the same time as another food known to be at high risk of
containing metals, for example Tuna, Lake Trout caught near mining facilities.
This would be even more effective in vivo if the lactobacilli prevent metal
translocation into and across the gut epithelium, the primary site of initial toxicity. A
transwell system was used to test the ability of lactobacilli to block metal translocation
across a Caco-2 cell monolayer. The model used a top (apical) chamber that represents
the intestinal lumen and the bottom (basolateral) chamber for the interior body. Transport
of metal from the top to the bottom chamber would require passing through the cells as in
the gut. The amount of transport of both lead and cadmium across the Caco-2 cell
monolayer in the presence and absence of lactobacilli was compared to see if there was a
significant decrease in transport in the presence of lactobacilli. Other groups have used
Caco-2 cells as a model to study the in vivo absorption of metals in the gastrointestinal
tract and have attempted different methods including metal competition and pH to
examine this mechanism (42).
The results of this study were very informative. The lactobacilli were able to bind
and sequester lead and cadmium in solution, prevent absorption into the Caco-2 cells and
block transport into the basolateral chamber. By comparing the amount of lead and
cadmium in the basolateral chamber in non-treated wells compared to lactobacilli pre-
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treated wells there was a significant reduction in measured metals. The 50% and 90%
reduction in lead and cadmium, respectively measured in the basolateral chambers
(Figure 3.12) strongly supports binding of metals by lactobacilli and reduced absorption
by the Caco-2 cell line
Blocking bioabsorption of metal is critical to preventing toxicity. Researchers
have shown that the gut microbiota does play a role in metal bioavailability (121). For
example, germ-free mice consistently contain higher blood metal concentrations than
those with a normal microbiota. By adding lactobacilli that are able to tolerate high
concentrations of metals and sequester them from solution, we could potentially reduce
human exposure to toxic metals.

4.4. Gut Microbiota and Chemostat Population Analysis
The first step in determining whether toxic metals alter or are influenced by the
gut microbiota is to develop a means to identify the composition of the microbiota. Using
Ion Torrent, the gut microbiota analysis revealed strikingly different profiles between two
participants. Differences between individuals has been known for some time (155, 172),
but the extent found here is surprising given the analyses of the vaginal microbiota that
has been performed recently (71). It is believed that a “core” microbiome of essential
bacterial species exists in the gut microbiota (119), although core functions may be more
important, many factors including diet have been shown to alter the microbial
abundances, and while this could have had an impact on the large variability between the
two individuals tested here (35), it seems unlikely. Neither participant was vegan or
known to eat a special diet, and given that the microbiome is first established in the few
years after birth, and the older donor was from the UK while the younger of Italian
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Canadian origin, the reasons for the difference are not easily deciphered. Nevertheless,
the methods are now in place for future studies to examine the abundance of lactobacilli
in the guts of individuals, the impact of ingesting a lactobacilli probiotic and the effect of
high exposure to metals.
The chemostat reaction vessel is another excellent system to test the impact of
environmental toxins. Unfortunately, it was not possible to test metals due to fear of
permanent alteration of Dr. Allen-Vercoe’s system, so an organophosphate pesticide,
malathion was tested. Preliminary research in the Reid lab had shown that lactobacilli
could degrade pesticides. The addition of 2 mg/L (ppm) of malathion on days 2, 3 and 4
did not have an adverse effect on the microbiota of the chemostat vessel (Figure 3.13 B).
In general, the abundance of each species remained constant throughout the 13 day trial.
It is possible that the concentration of the pesticide was not enough to have an effect,
although this was a physiologically relevant concentration. In addition it is possible that
gut microbiota species are able to tolerate and degrade certain classes of pesticides such
as organophosphates and use them as a phosphorus source. A study showed that diet is
likely the main factor affecting development of an infants’ microbiota, and this might be
relevant if the infant is ingesting an organic vs normal diet, the latter possibly containing
pesticides (117). On the other hand, the predominance of Gram negative organisms in the
chemostat and low abundance of Lactobacillus, as distinct from for example more
Bifidobacterium species in the second human gut microbiome, might mean that the
chemostat cultures did not alter the pesticide composition and vice versa.
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4.5. Future Directions
The present study reveals some insight into how lactobacilli may interact with
metals and possible ways lactobacilli might be applied to aid in prevention of metal
absorption and toxicity. However, bacterial–metal interactions are complex events and
thus require more study to fully understand the process. Future studies in animals and
humans could assess whether lactobacilli can have an in vivo effect as predicted by the
current cell culture work.
Metal binding to the cell wall of a bacterium and intracellular uptake were noted
here, but for how long will the metal stay bound? In time course trials, binding occurred
for 48 hrs, but this should be extended. In addition, if the metals are being taken into the
bacterium what will occur if the organism lyses? Understanding how long bacteria can
bind metals and if lysis or release of sequestered metals occurs is important for
application. An extended time course study of metal binding should be conducted
examining binding efficiencies over a week, at the same time CFU counts can be taken
initially and everyday for the duration of the experiment, to understand if lysis is
occurring and releasing metals back into solution.
Another important factor to address is the role of pH and surface charge and how
these affect binding. In these studies, metal binding was conducted at pH 7, as the pH of
the colon approaches neutral to basic the further you extend away from the stomach and
small intestine. Conducting similar metal binding studies at a range of different pHs
would help better reveal if binding is occurring only at the surface of the cell, and if pH is
affecting surface charge thus blocking binding. This would help to determine if there is
an ideal pH where metal binding by lactobacilli occurs. This has implications for
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applications, as lactobacilli travel through the stomach (acid environment) and the length
of the intestine (neutral environment). Being able to show binding at a range of pHs will
improve the efficacy of lactobacilli as metal binding sorbents.
Finally, as mentioned above, testing is needed to determine if lactobacilli can bind
and sequester metals in vivo. One approach would be an animal model, ideally one that
can closely mimic human physiology in terms of the gastrointestinal system such as
swine. The model would examine the rate of absorption of metals with and without
lactobacilli Blood, hair, urine and fecal samples could be collected to get a total
measurement of metal absorption and elimination. It would be anticipated that in
lactobacilli-supplemented animal groups there would be a decrease in blood metal levels
compared to placebo groups and control groups.
A human study could test the efficacy of lactobacilli to block metal absorption,
given the safe use of probiotics and the fact that humans are exposed to metals through
diet and daily activities. The first study could be conducted in an area where toxic metal
contamination is a known problem, such as, lakes near the Oilsands in Alberta (81), Lake
Victoria in Tanzania (83), and areas of Georgia and Russia (34). There, participants will
more likely have measurable levels of metal and thus any decrease will be detectable.
Lactobacilli have been used in probiotic therapies, health foods and largely have food
grade status; thus, administration of lactobacilli would not pose a danger to humans or
require extensive regulatory approval. Indeed, L. rhamnosus GR-1 is approved for human
use as a capsule and yogurt, with the latter being part of an initiative in Africa to provide
benefits to the health of people in resource disadvantaged areas (103).

113
Understanding lactobacilli interactions with metals would give a better indication
as to how the gut microbiota normally deals with metals and if addition of lactobacilli is a
feasible future treatment to reduce the body burden of metal toxicity.

4.6. Conclusions
These findings collectively suggest that lactobacilli are strong candidates to be
used as biosorbents to sequester cationic metals from aqueous solutions, including the
gastrointestinal tract. Through a panel of studies it has been shown that lactobacilli can
bind metals from solution. Using electron microscopy and X-ray detection it was
determined that binding is occurring on the cell surface and inside where microparticles
are formed. In addition the studies have shown that binding of metals does not require an
actively metabolizing cell as the metal binding ability was equal or better compared to
nonviable cells. Finally, using a Caco-2 cell culture system, lactobacilli were found to
have beneficial in vivo roles including preventing damage of the intestinal epithelium and
blocking absorption of a significant percentage of ingested metals.
Consumption of metals is not likely to decrease in the near future, especially with
expanding industrial activity and with reported high concentrations of metals in food
(19). Current water treatment filtration and sequestration technologies are in place;
however, they are often too expensive or sophisticated to be implemented in locations
that do not have the resources or the skilled workers to operate them. Thus, hundreds of
millions of people globally continue to be at a higher risk to metal exposure through
drinking water and their diet (5).
Microbes have been effectively applied in a number of environmental
bioremediation projects, and it remains wholly feasible that they can also be applied to
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humans to aid in metal detoxication. Lactobacilli are already used widely in the food
industry and as probiotics and they are excellent candidates for application for this
purpose due to their established safety and regulatory status.
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